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SUMMARY  OF  WORK  AT  STANFORD  IR  DETECTOR  PROGRAM, 

APRIL  7 -JUNE  30, 1988 

1.  The  major  results  of  research  related  to  this  program  obtained  before 
April  1,  1988  have  been  already  described  in  our  previous  progress  report  of 
April  4, 1988  and  hence  will  be  summarized  veiy  briefly  here.  First,  we 
achieved  control  over  the  orientation  and  microstructure  of  the  thin  films  of 
YBa2Cu307-x  (YBCO).  Second,  we  elucidated  the  optical  properties  of 
YBCO,  including  the  penetration  depth  (which  turned  out  to  be  rather 
small)  and  the  optical  anisotropy  (which  is  rather  large).  Third,  we  have 
observed  photo-induced  signals  (i.e.  changes  in  resistivity)  of  YBCO  films  - 
in  superconducting  state  as  well  as  in  the  normal  state  -  upon  illumination 
with  short-pulsed  IR  radiation  generated  by  the  Stanford  free-electron 
laser. 

2.  On  the  other  hand,  we  have  also  identified  certain  obstacles  hampering 
the  ultimate  successful  construction  of  competitive  IR  detectors  based  on 
high-Tc  superconductors.  First,  sample-to-sample  variations  in  the  optical 
properties  of  YBCO  thin  films  have  been  found  to  be  rather  large.  One  of  the 
reasons  underlying  these  variations  is  the  ease  with  which  oxygen  diffuses 
into  and  out  of  the  YBCO  films.  Second,  the  best  (epitaxial)  super¬ 
conducting  YBCO  films  are  grown  on  the  SrTj03  substrates,  which  may  be 
disadvantageous  for  certain  (e.g.  bolometric)  modes  of  operation.  Third,  we 
had  concluded  that  the  most  useful  frequency  range  may  lay  outside  the 
detecting  range  of  the  instrumentation  available  to  us  at  that  time. 

3.  Hence,  we  have  focused  our  efforts  onto  these  open  problems.  In  the  first 
place,  we  have  been  investigating  the  newly-discovered  high-Tc 
superconducting  materials  based  on  Bi  rather  than  Y.  The  compound 
Bi2Sr2CaCu208  (BSCCO)  was  found  to  have  Tc*84  K,  slightly  lower  than 
YBCO  but  still  high  enough  for  useful  applications.  We  found  BSCCO  to  be 
much  less  surface-sensitive  and,  in  particular,  its  optical  properties  are 
much  less  sample  dependent  than  those  of  YBCO.  Otherwise,  their 
IR/visible/UV  reflectance  and  transmittance  spectra  are  quite  similar 
(Figure  1  a,  b,  c),  in  particular  to  the  Y2Ba4CugO20-x  phase  discovered  in  our 
group  recently  (1,2);  indeed,  the  BSCCO  and  the  "2-4-8M  phase  show 
substantial  structural  similarities.  The  Bi  compound  appears  somewhat 


more  anisotropic  in  both  the  optical  (Figure  2)  and  the  transport  properties. 
Actually,  the  same  is  true  for  its  mechanical  properties:  BSCCO  is  easily 
cleaved  along  the  crystal  ab  plane.  Freshly  cleaved  surfaces  are  of  highest 
optical  quality,  which  is  maintained  over  many  days  of  exposure  to  air. 

We  have  also  synthesized  other  Bi-based  superconducting 
compounds,  but  so  far  it  has  not  been  possible  to  obtain  single-phase 
samples  of  the  "three-layered"  Ba2Sr2Ca2Cu30io  compound  which  has 
Tc>100  K. 

4.  As  compared  to  our  earlier  studies  of  YBCO,  we  have  extended  our 
investigations  of  BSCCO  to  samples  of  several  forms-sintered  pellets,  thin 
films,  single  crystals  and  fibers.  We  have  grown  thin  BCSCO  films  on 
SrT,03  substrates^);  they  showed  zero  resistance  at  Tc*84  K  and  critical 
currents  jc^lO^A/cm2.  Single  crystals  and  fibers  have  also  been  grown 
successfully^).  These  are  of  potential  interest  for  bolometric  mode  of 
operation;  the  study  of  this  issue  is  underway.  We  have  determined  the 
anisotropy  of  the  infrared  reflectance  by  utilizing  these  single  crystal 
specimens.  Figure  2.  (The  films  are  epitaxially  oriented  with  the  ab  planes 
parallel  to  the  substrate,  and  hence  their  spectra  are  comparable  to  those 
from  the  ab  face  of  the  crystal.) 

5.  To  overcome  our  instrumental  limitations,  we  have  acquired  two  new 
top-of-the-line  spectrometers  --  a  Digilab  FTS-40V  Fourier-transform 
vacuum-FIR  spectrometer,  and  a  Perkin-Elmer  X-9  double-beam  double¬ 
monochrometer  NIR/visible/UV  spectrophotometer.  Thus  we  are  now  able 
to  study  optical  properties  over  a  broad  spectral  range  from  ~6  ev  down  to  a 
few  meV.  With  the  X-9  spectrometer  we  have  acquired  an  integrating 
sphere  detector  to  measure  the  diffuse  reflectance,  which  is  important  for 
thin-film  studies.  (For  example,  the  spectrum  in  Figure  3  actually  shows  a 
rise  in  reflectance  in  the  high-frequency  side  which  is  real  and  which  is  in 
agreement  with  electron-energy-loss  studies,  but  wh;ch  is  usually  lost  with 
the  usual  specular-reflectance-only  configurations.)  The  technical 
difficulty  that  we  had  faced  was  that  both  instruments  are  constructed  for 
studies  of  samples  much  larger  than  our  thin  film  or  single  crystal 
specimens.  To  resolve  this,  we  have  constructed  a  home-made  beam 
condenser,  for  the  X-9  instrument,  with  which  the  spectrum  in  Figure  3 
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was  obtained.  The  construction  of  a  similar  accessory  for  the  FTS-40V 
machine  is  underway. 


6.  Finally,  intensive  work  has  been  continued,  and  substantial  advances 
made,  in  the  construction  of  in-si tu-growth  facilities, in  our  group.'  Noise 
measurements  have  been  made  using  films,  prepared  at  the  Stanford 
facility  by  M.  R.  Beasley's  group  in  collaboration  with  John  Clarke’s  group 
at  UC  Berkeley.->The  noise  is  found  to  increase  markedly  as  the  quality  of 
the  films  deteriorates.,  Further  experiments  with  P.  L.  Richards  group  at 
Berkeley  are  underway. 


Ir  Raman  effect  measurements^)  (see  Figures  4a,  b)  (with  Varian^and 
ellipsometric  measurements^  (with  Bellcore)  etc!,  give  further  diagnostic 
information  as  to  film  quality  and  further  understanding  of  the  basic 
processes  going  on  in  the  films.  ■  ■  ■  ''  . 
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1.  During  the  initial  phase  of  this  work  (  which  is  still  in  progress  ),  we  have  been 
able  to  gain  control  of  the  orientation  and  microstmcture  of  the  thin  films  of 

YBa2Cu307.x  (YBCO)  laid  down  by  both  electron-beam  metal  sources  and  planar 
magnetron  sputtering  sources1.  The  resulting  electrical  and  optical  properties  are  so 
diverse  that  it  seems  clear  that  there  will  also  be  a  vast  difference  in  the  infrared 
detector  figure  of  merit  in  the  devices  fabricated  from  different  films.  We  believe  that 
the  most  viable  approach  is  first  to  prepare  a  number  of  films  with  well  differentiated 
properties  and  then  to  compare  their  photoconducting  properties.  We  are  well  along 
the  first  stage.  Our  principal  results  are  the  following  ones. 

A.  The  optical  response  ( reflectance  and  transmittance)  of  YBCO  is  rather  featureless 
and  almost  flat2  in  the  mid-IR  spectral  range  [see  Figs.  1  and  2 }.  This  is  quite 
favorable  from  the  viewpoint  of  detector  applications;  one  could  expect  a  flat  spectral 
response.  In  fact,  T(co)  and  R(co)  do  not  change  much  throughout  the  visible,  either, 
see  Fig.6;  ellipsometry  ( done  in  collaboration  with  D.  Aspnes  at  Belcorre  )  does  show 
some  broad  and  mild  features  at  about  2.7  and  4.7  eV,  tee  Fig.7. 

B.  The  optical  penetration  depth  is  less  than  1000  A  in  the  mid-IR  region.  It  decreases 
at  lower  frequencies  due  to  the  free-carrier  absorption;  it  also  decreases  at  higher 
photon  energies  due  to  increasing  absorption  of  as  yet  unidentified  origin  [  Interband 
transition(s)?  Holstein  processes?  ].  Hence,  for  a  good  responsivity,  one  needs 
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rather  thin  YBCO  films,  say  1000  A  thick,  or  less.  This  result  is  in  varriance  with 
estimates  which  suggested  1-10  pm  as  the  optimum  thickness,  on  the  basis  of  what  we 
now  believe  were  erroneous  estimates  of  the  transmittance  due  to  multiple  reflections 
in  granular  samples  (  embedded  in  KBr ) ,  being  understood  as  transmission  through 
the  bulk3.  This  also  illustrates  well  the  necessity  of  studying  the  material  in  detail  first. 


C.  Finally,  we  have  observed  large  sample-to-sample  variations  in  reflectance  of 
YBCO  films  [  see  Figs.  3A  -  3D  ] ,  despite  the  fact  that  they  showed  comparable 
transport  properties.  Hence,  it  has  been  necessary  to  first  understand  the  causes  of 
these  variations,  and  than  to  learn  to  control  the  growth  process  in  such  a  way  as  to 
ensure  reproducible  behavior. 


2.  So  far,  we  were  able  to  trace  two  major  sources  of  the  mentioned  sample-to- 
sample  variations.  The  first  is  formation  of  the  "junk"  overlayer;  YBCO  is  a  "line" 
compound  -  i.e.  it  forms  at  nearly  exact  stoichiometry  composition.  As  it  grows 
epitaxially  on  the  (001)  face  of  SrTi03  substrate,  it  expels  the  foreign  phases  ( which 
are  likely  to  form  due  to  small  off-stoichiometry  variations  in  composition  )  to  the  film 
surface.  In  Fig.  4,  we  compare  the  reflectance  spectrum  of  an  YBCO  film  with  the 
spectra  of  the  same  film  after  two  successive  ion-milling  runs.  In  each  run,  the  first 
800 A  were  removed  with  the  argon-ion  beam,  at  the  lowest  voltage  possible  and  at 
almost  the  grazing  angle  of  incidence.  The  last  200A  were  removed  with  the 
oxygen-ion  beam;  thus  one  avoids  formation  of  an  oxygen-depleted  overlayer.  High 
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metallic  reflectance  is  obtained  [  Fig.  4  ]  matching  and  even  surpassing  that  from 
specular  (001 )  faces  of  the  best  available  YBCO  single  crystals.  We  have  obtained 
independent  and  consistent  confirmation  of  these  conclusions  from  our  ellipsometric 
studies  on  ion-milled  YBCO  films.  In  addition  to  removal  of  the  impurity  phases,  the 
surface  density  is  found  to  increase,  as  evidenced  by  increase  of  the  dielectric 
function  -  in  some  cases  surpassing  the  single-crystal  values.  High-temperature 
oxygen  annealing  may  well  be  producing  some  surface  roughness  in  single-crystal 
samples,  too. 

The  second  major  source  of  sample-to-sample  variations  in  the  optical  properties 
in  the  mid-IR  region  are  differences  in  grain  orientation,  because  of  the  huge  aniso¬ 
tropy  of  YBCO  in  this  spectral  range.  This  is  illustrated  in  Fig.  5,  displaying  the  reflec¬ 
tance  spectra  taken  from  a  side  of  an  YBCO  single  crystal,  with  the  polarization 

paralle1  and  perpendicular,  respectively,  to  the  Cu02  layers4.  The  anisotropy 
decreases  as  the  phonon  energy  is  increased  to  the  visible  and  virtually  diminishes 
above  ~2eV  or  so  ( see  Figs.  6  and  7  ]. 


3.  Thus  we  have  identified  three  basic  requirements  for  an  YBCO  film  to  be  suitable 
for  optical  applications:  it  has  to  be  thinner  than  1000A  ;  the  grain  orientation  has  to 
be  controlled  and  the  surface  has  to  be  cleaned.  Indeed,  we  have  succeeded  in 

growing  very  good  superconducting  YBCO  fillms  ( Tc  ■  91 K  with  1 -2K  wide 

transitions;  jc>1.2xl07  A/cm2at  4.2  K ),  -  500A  thick  and  well-oriented  (upto90%), 
with  the  c-axis  or  the  a-axis  perpendicular  to  the  substrate1. 
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4.  In  parallel  to  the  above  work  and  in  analogy  to  some  earlier  studies3  on  thin 
superconducting  granular  films  of  Nb/BN  and  BaPb0  7Bi0  303,  we  have  attempted  to 

observe  an  increase  in  resistivity  of  thin  YBa2Cu307.x  (YBCO)  films  exposed  to 
infrared  (IR)  radiation.  The  films  were  kept  in  liquid  nitrogen,  i.e.  bellow  the  measured 
Tc  (zero-resistance).  The  1  pm  thick  YBCO  films  were  grown  on  the  SrTi03  substrates. 
Silver  paint  was  utilized  to  make  the  contacts.  The  Stanford  free-electron  laser  (FEL) 
was  utilized  as  a  tunable  source  of  intense,  short-pulsed,  monochromatic  IR  radiation. 

In  Fig. 8.  we  show  the  temporal  dependence  of  the  photo-induced  resistivity  jump. 

The  FEL  pulses  of  300  fsec  duration  are  repeated  at  36  GHz  rate,  and  they  come  in 
trains  of  1000  pulses  each;  the  wavelength  employed  was  3.2  pm.  The  bias  voltage 
was  15  V. 

Hence,  the  IR-photodetecting  capability  of  thin  superconducting  YBCO  films  has 
been  demonstrated,  in  principle. 

However,  we  have  found  the  above  result  unsatisfactory  in  two  respects:  first,  the 
response  was  much  slower  than  what  was  expected,  and  second,  the  responsivity 
was  rather  low.  As  for  the  first  problem,  a  simple  calculation  (now  that  the  thermal 
conductivity  of  YBCO  is  known)  shows  that  the  absorbed  energy  was  more  than 
enough  to  heat  the  sample  into  the  normal  state,  i.e.  what  is  shown  in  Fig.8  is  largely 
a  thermal  effect.  Hence  one  has  to  decrease  the  incoming  beam  energy;  however, 
that  requires  the  second  problem,  that  of  low  responsivity,  to  be  solved  first  -  the 
signal  becomes  too  weak.  This  will  most  likely  require  an  optimization  of  the  orienta¬ 
tion  and  microstructure  of  the  superconducting  film  as  we  are  presently  doing. 
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5.  Our  preliminary  experiments  with  very  thin  ( 500  A )  YBCO  films  encountered 
problems  due  to  large  and  uncontrollable  variations  of  the  FEL  beam  intensity.  We 
are  looking  now  for  more  stable  and  controllable  short-pulse  IR  sources.  Also,  in 
immediate  future  we  intend  to  extend  our  experiments  into  the  far-IR  spectral  region. 
Except  for  some  early  work6  done  in  collaboration  with  the  Emory  University  group, 
our  spectroscopical  studies  were  limited  to  mid-IR/visible/UV  region.  However,  for 
the  specific  needs  of  this  project  we  have  acquired  recently  a  Digilab  FTS-40V 
Fourier-transform  vacuum-FIR  spectrometer;  we  are  equipped  now  to  cover  a  broad 
spectral  range  from  6  eV  down  to  1  -2  meV.  Finally,  good  superconducting  films  of 
the  2-4-8  YBCO  phase,  as  well  as  of  the  Bi-Sr-Ca-Cu-0  phases,  have  been  grown 

succesfully  in  our  group,  and  we  plan  to  extend  our  investigations  to  these  high-Tc 
materials,  too. 
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ABSTRACT 

An  ordered  defect  structure  in  superconducting  Y-Ba-Cu-0  thin  films  has  been 
characterized  by  both  x-ray  diffraction  and  transmission  electron  micrsoscopy. 
The  defect  structure,  which  is  observed  growing  epitaxially  within  the  grains  of 
normal  YBa2CugO<7_x  structure,  has  the  diffraction  characteristics  of  a  distinct 
phase  whose  volume  fraction  can  be  correlated  with  changes  in  film  composition. 
The  diffraction  characteristics  are  consistent  with  en  orthorhombic  unit  cell  (a  = 
b  a  3.86  A,  c  =  27.19  A)  with  space  group  Ammm.  These  are  the  characteristics  to 
be  expected  from  a  structure  in  which  extra  copper-oxygen  layers  create  fault 
planes,  which  are  inserted  at  every  unit  cell  in  the  parent  YBa2CugOy.x 
structure.  The  composition  expected  for  the  pure  phase  is  Y2Ba4Cug02o.x- 
Preliminary  transport  measurements  on  films  containing  this  extra  phase  are 
characterized  by  lower  normal  state  resistances  and  a  lower  Hall  constant. 
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I.  introduction 

While  the  pseudo-ternary  phase  diagram  for  the  high-Tc  superconductor 
YBagCugO-^  has  been  generally  estabilished  1>2,  finer  details  of  the  phase 
equilibria  near  this  composition  are  still  of  great  interest.  Several  research 
groups  have  recently  reported  observations  of  defect  structures  in  the 
YBagCugO^  phase  and  have  attempted  to  correlate  these  with  the  presence  of 
various  superconducting  transport  p  perties3'7 

Transmission  electron  microscopy  (TEM)  studies  by  several  researchers4,8,9  have 
reported  c-axis  defects  in  the  YBagCugOy.j  phase  which  locally  expand  the  c-axis 
spacing  by  16%.  Zandbergen8,  using  image  calculations  of  high  resolution  TEM 
images,  modelled  this  expansion  as  the  insertion  of  an  extra  CuO  planes  between 
barium  layers  in  the  normal  YBagCugO^  structure.  Nara  an  et  al3,  as  well  as 
others10,11,  reported  an  apparently  new  phase  with  a  lattice  fringe  spacing 
uniformly  expanded  by  the  same  amount  (c=13.55  A).  This  phase  appeared  in 
small  volume  fractions  growing  epitaxially  on  the  parent  YBagCugOy^  phase3,11. 
Narayan  et  al,  however,  have  not  to  our  knowledge  reported  high  resolution 
images  or  a  diffraction  analysis  of  their  new  phase.  All  of  the  above  observations 
have  been  carried  out  on  bulk  or  "powdered”  specimens.  The  appearance  of 
structural  defects  in  these  studies  has  been  attributed  by  some  to  a  decomposition 
of  the  sample  surface8,12,13,  and  by  others  to  to  an  artifact  of  the  TEM  sample 
preparation  process  (specifically  ion  milling)14'18. 


In  this  paper  we  present  observations  of  an  ordered  defect  structure  in  thin  film 
samples  of  YBagCugOy.j.  An  important  aspect  of  our  results  is  the  correlation 
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between  TEM  and  X-ray  diffraction  patterns,  clearly  demonstrating  the  existence 
of  such  a  structure  independent  of  the  TEM  specimen  preparation  method. 
Further,  we  show  that  this  structure  can  exist  in  large  volume  fractions  of  the 
films,  its  appearance  correlated  to  variations  in  film  composition  instead  of 
annealing  or  atmospheric  condition.  We  show  evidence  that  at  high 
concentrations  the  ordered  defects  can  form  a  distinct  crystallographic  phase 
with  a  unit  cell  parameter  of  27.2  A.  From  preliminary  transport  measurments 
we  associate  the  presence  of  this  phase  with  lower  normal  state  resistivities  and  a 
lower  Hall  constant.  Finally,  our  results  show  this  phase  to  be  consistent  with  an 
extension  of  the  Zandbergen  model,  specifically,  an  ordered  array  of  extra  Cu-0 
planes. 

II.  Experimental  Methods: 

The  films  reported  on  here  were  made  by  reactive  magnetron  sputtering  and  by 
electron  beam  evaporation  onto  (100)  SrTiOg  substrates.  Details  of  each  of  these 
techniques  have  been  reported  previously  17,18.  A  distinctive  characteristic  of  each 
of  these  deposition  processes  is  the  use  of  separate  metal  sources  pointed  at 
sample  holders  that  contain  long  arrays  of  samples.  In  this  manner  a 
continuous  set  of  film  compositions  is  obtained  in  one  run.  It  has  therefore  been 
possible  to  make  good  correlations  of  both  sample  properties  and  microstructures 
with  composition.  When  expressed  as  a  ratio  of  metal  atoms,  for  example,  the 
variations  in  copper  concentration  within  a  6  mm  by  6  mm  sample  were  typically 
within  one  atomic  percent  absolute,  while  copper  concentrations  across  two  rows 
of  10  samples  each  were  as  much  as  8  percent.  A  typical  sample  employed  in  this 
study  had  nominal  metal  ratios  of  YjgBaggCugg.  Thicknesses  were  either  1800  or 
4000  A. 


All  of  the  samples  as  removed  from  deposition  chambers  were  found  to  be  highly 
disordered  by  x-ray  diffraction.  The  samples  then  underwent  similar  annealing 
procedures,  resulting  in  crystallization  and  oxidation  of  the  Y-Ba-Cu-0 
superconducting  phase(s).  Given  the  similarities  of  the  post-annealing  process, 
we  have  not  been  surprised  to  find  that  films  deposited  by  different  techniques  (e- 
beam  or  sputtering)  have  resulted  in  similar  microstructures.  The  usual 
annealing  procedure  includes  6  hours  at  650  C  ,  followed  by  one  hour  at  750  C  , 
followed  by  one  hour  at  850  C,  followed  by  a  slow  furnace  cool,  all  under  flowing 
02- 

Procedures  for  characterizing  epitaxial  films  in  a  four-circle  x-ray  diffractometer 
have  also  been  described  previously17.  The  films  are  generally  poly  crystalline, 
though  restricted  to  a  limited  number  of  orientations  on  the  SrTiC^  substrate.  The 
c-axis  of  the  YBagCugO^  structure  is  usually  found  in  a  mixture  of  90  degree 
orientations,  either  normal  to  the  substrate  or  parallel  to  one  of  the  SrTiOg  crystal 
axes  in  the  plane  of  the  film.  In  the  symmetrical  or  Bragg-Brentano  geometry 
only  those  peaks  originating  from  a*  or  c*  axes  are  detected.  In  order  to  detect 
peaks  with  mixed  Miller  indices  it  is  necessary  to  rotate  the  sample  about  one  of 
the  axes  in  the  film  plane. 

We  often  distinguish  between  films  with  either  a-  or  c-axis  orientation,  referring 
to  that  crystalline  axis  which  appears  predominately  in  the  normal  direction.  We 
have  not  yet  made  quantitative  distinctions  between  a-  or  b-axis  orientations17;  in 
this  paper  "a-axis"  refers  to  either  orientation  It  is  known  that  the  YBa2Cu30<7_x 
structure  is  heavily  twinned4,12,  causing  a  large  amount  of  coincidence  between  a 
and  b  axes. 


Planar  sections  of  both  a-and  c-axis  oriented  films  were  thinned  for  TEM  studies 
by  grinding,  dimpling  and  ion  milling  from  the  substrate  side  until  perforation. 
The  surface  of  the  film  was  also  ion  milled  slightly  so  as  to  examine  the  interior  of 
the  film.  Ion  milling  was  carried  out  in  a  liquid  N2  cold  stage  and  with  low  ion 
beam  conditions  (5kV,  0.3  mamp  gun  current)  so  as  to  minimize  potential  heating 
and  ion  bombardment  damage  to  the  specimen.  TEM  analysis  was  carried  out  on 
a  Philips  400ST  equipped  with  an  EDAX  9100  energy  dispersive  spectrometer. 

High  resolution  images  were  obtained  on  a  Philips  430ST. 

Ill .  Results 

A.  Structural  Properties 


Figure  1  is  an  x-ray  diffraction  pattern  of  a  c-axis  oriented  sputtered  film  (sample 
A).  Typical  substrate  and  Yl^CugOy^  peaks  are  seen.  Extra  peaks,  marked  by 
asterisks  are  observed,  all  of  which  can  be  indexed  according  to  a  c-axis  spacing  of 
13.6  A  (001)  or  27.2  A  (001,  l=2n).  The  larger  unit  cell  is  consistent  with  a 
superlattice  structure  seven  times  the  length  of  the  fundamental  perovskite  unit 
cell.  The  intensity  of  these  extra  peaks  indicates  a  volume  fraction  of  the  new 
structure  comparable  to  the  total  oriented  volume  of  the  normal  Yl^CugOy.j 
phase.  Variations  in  the  x-ray  intensities  and  widths  of  these  peaks  have  been 
observed  to  correlate  to  variations  in  sample  composition,  the  intensities  generally 
increasing  in  samples  prepared  with  simultaneous  excesses  of  yttrium  and 
copper.  Samples  reported  on  here  contained  typically  3  excess  atomic  percent  of 
each  element. 


i.<  j.* 


A  number  of  films  made  by  both  deposition  techniques  and  with  predominantly 
either  a*  and  e-ax's  orientation  were  examined  in  TEM.  The  data  shown  here 
originated  from  one  sputtered  film  (sample  A)  and  one  evaporated  film  (sample 
B).  Each  film  was  Cu-  and  Y-rich  relative  to  the  YBa2Cug07>z  composition.  A- 
axis  grains  in  each  film  showed  characteristic  defect  regions  such  as  are  typified 
in  Figure  2.  This  TEM  micrograph  shows  c-axis  fringes  in  two  perpendicular 
YBagCugO-j.j  grains.  The  region  of  defects  runs  along  the  length  of  each  grain, 
the  individual  faults  lying  parallel  to  (001)  planes  in  YBagCugOy^.  The  defect 
regions  shown  here  are  representative  of  those  observed  in  many  other  samples 
as  well  as  in  at  least  one  bulk  specimen.  They  tend  to  occur  within  grains  rather 
than  at  grain  boundaries,  parallel  to  (001)  planes,  and  energy  dispersive 
microanalysis  indicates  that  they  are  somewhat  Cu-rich.  Defect  regions  are 
generally  unstable  under  the  electron  beam.  Degradation  or  amorphization  of 
the  lattice  tends  to  occur  more  quickly  during  observation  of  these  regions  than  it 
does  in  the  normal  YBa2Cug0^.x  material. 

In  addition  to  the  defects  shown  in  Fig.  2,  a  significant  number  of  small, 
randomly  oriented  second  phase  particles  were  observed  in  the  TEM. 
Microanalysis  of  these  particles  revealed  them  to  be  Y-rich,  with  a  composition 
approximating  that  of  the  Y2BaCuOg  phase. 

A  high  resolution  image  of  a  defect  region  from  a  different  grain  of  sample  B  is 
shown  in  Figure  3.  The  left  side  of  this  micrograph  shows  normal  YBa2Cug0^.x 
material  with  characteristic  11.7  A  c-axis  fringe  spacing.  The  right  side  shows 
defects,  appearing  as  local  expansions  of  the  unit  cell.  The  expansion  is 
approximately  16%  of  the  c-lattice  parameter.  The  defects  occur  at  a  density  of  one 
per  unit  cell.  If  one  refers  to  the  high  resolution  image  calculations  reported  by 
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others5,8,9,19’20  then  one  can  assign  the  specific  position  of  the  local  lattice 
expansion  to  an  area  between  adjacent  barium-oxygen  layers.  The  defects  in 
Figure  3  are  therefore  similar  to  those  observed  by  Zandbergen  et.  al.8,  except  that 
they  are  occuring  at  a  much  higher  density.  In  observations  over  many  different 
grains  and  in  several  different  samples  we  have  observed  considerable  variations 
in  ordering:  from  structures  with  isolated  defects,  to  structures  with  defects  in 
every  other  or  every  third  unit  cell,  to  the  densely  packed  and  well  ordered 
structures  shown  in  Figure  3. 

Microdiffraction  patterns  of  similar  well-ordered  defect  regions  occurring  within 
[100]  and  [110]  oriented  YBa2CugO«7.x  grains  are  shown  in  Figure  4.  The  first  two 
patterns  are  from  sample  A,  the  third  from  sample  B.  Because  defects  occur 
epitaxially  in  narrow  bands  within  grains  of  the  YBa2CugO<7_x  material, 
controlled  tilting  experiments  on  particular  regions  have  not  yet  been  possible. 
Each  of  the  patterns  shown  in  Figure  4,  however,  shows  marked  deviations  from 
the  normal  superlattice/sublattice  symmetries  observed  in  neighboring 
YBa2CugO-7_x  material  (cf.  references  13,15,19).  For  example,  normal 
YBa2Cug07_x,  [100]  diffraction  patterns  are  characterized  by  a  square  perovskite 
sublattice  and  a  superlattice,  occuring  in  the  c*  rows,  indicative  of  the  tripled 
(11.7  A)  unit  cell.  The  new  phase,  as  represented  in  Figure  4,  is  characterized  by 
either  a  smearing  or  a  complete  absence  of  intensity  in  the  vicinity  of  the  first  c* 
subcell  reflection  (what  would  be  (003)  in  YBagCugOy^).  The  second  c*  subcell 
reflection  (formerly  (006)  now  appears  as  the  seventh  spot  in  the  row.  A  similar 
seven-fold  superlattice  periodicity  can  be  observed  between  sublattice  spots  labeled 
017  and  01(-7)  in  Figure  4a.  The  d-spacings  between  spots  in  c*  rows  correspond  to 
multiples  of  13.6  A,  in  agreement  with  the  extra  peaks  observed  in  x-ray 
diffraction. 
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Systematic  extinctions  in  the  diffraction  patterns  of  this  new  phase  can  also  be 
observed  by  comparing  the  patterns  obtained  within  defect  regions  to  those  in 
neighboring  YBa2CugO«7.x  material.  When  moving  the  beam  between 
neighboring  regions  it  is  observed  that  the  spadngs  between  reciprocal  lattice 
rows  remains  the  same,  while  the  arrangement  of  spots  within  a  row  varies. 
Figures  4a  and  4c,  for  example,  show  reflections  along  the  c*-axis  which  are 
offset  by  1/2  in  alternating  rows.  This  suggests  a  true  periodicity  for  the  material 
of  27.2  instead  of  13.6  A.  A  consistent  interpretation  of  the  three  patterns  can  be 
obtained  by  assigning  them  to  the  zone  axes  [100],  [010],  and  [110]  respectively.  All 
special  conditions  for  the  reflections  can  then  be  described  by  the  single  formula:  k 
+  1  *  2bl  These  conditions  are  characteristic  of  side-centered  unit  cells.  The 
diffraction  spots  in  Figure  4  have  been  indexed  accordingly. 

Summarizing  our  interpretations  of  Figure  4,  we  find  an  orthorhombic  unit  cell 
with  a  single  formula  for  special  conditions:  k  +  1  *  2n.  This  symmetry  is 
consistent  with  of  each  of  four  space  groups:  A222,  Am  m2,  Cmm2,  and  Ammm. 

Using  the  systematic  extinctions  observed  in  Figure  4  as  a  guide,  we  have  been 
able  to  identify  further  x-ray  peaks  from  the  new  phase  by  tilting  a  sputtered 
sample  (A',  similar  to  that  shown  in  Figure  1)  away  from  its  symmetrical  axis  on 
the  four-circle  x-ray  diffractometer.  A  listing  of  observed  peak  positions  and 
approximate  intensities  is  given  in  Table  I  for  identification  purposes.  The  peaks 
listed  here  were  then  used  to  refine  the  dimensions  of  the  unit  cell,  giving:  a  s  b  = 
3.86  +/•  0.02  A  and  c  *  27.19  +/•  0.07  A.  The  peaks  observed  in  samples  A  and  A' 
(Figure  1)  are  relatively  broad  and  assymetrical,  perhaps  because  the  faults  in 
defect  regions  are  not  completely  ordered.  This  resulted  in  relatively  large  error 
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bars  from  the  cell  refinement.  Subsequently,  we  have  synthesized  samples  with 
significantly  narrower  peak  widths,  yielding  the  same  c-axis  lattice  parameter  to 
an  accuracy  of  0.03  A.  As  another  consequence  of  the  observed  peak  broadening, 
and  the  fact  that  oriented  grains  in  our  thin  films  appear  randomly  aligned  with 
respect  to  a  90  degree  rotation  about  the  c-axis,  we  have  been  unable  as  yet  to  make 
accurate  distinctions  between  a  and  b-axis  lattice  parameters. 

B.  Transport  Properties: 

Preliminary  measurements  of  transport  properties  in  these  films  have  been 
obtained.  A  more  in-depth  study  of  superconducting  and  normal  state  properties 
is  still  in  progress.  All  of  the  films  reported  on  here  are  90  K  superconductors,  the 
superconductivity  being  most  likely  due  to  the  presence  of  significant  fractions  of 
YBa2Cu.jO.7_j.  resistive  anomolies  between  90  and  300  K  have  been  observed. 
Films  with  significant  volume  fractions  of  tbe  new  phase  are  primarily 
distinguished  by  lower  normal  state  resistivities.  The  resistivity  observed  in  one 
mixed  phase  sample  is  100  micro-ohm  centimeters  at  100  K.  While  this  resistivity 
is  not  particularly  low  (subsequent  films  of  YBa2Cu30y_x  at  different  thicknesses 
have  been  observed  in  the  range  of  80  micro-ohm  centimeters),  when  compared  to 
samples  prepared  at  the  1:2:3  composition  in  the  same  runs  (p  =  300  micro-ohm 
centimeters  at  100  K)  resistivities  in  mixed  phase  samples  are  lower. 

Additionally,  one  mixed  phase  sample  was  observed  to  have  an  anomolously  low 
Hall  coefficient:  +  7.4  x  10'®  microohm-cm/gauss  compared  to  +  2.0  x  10*® 
microohm-cm/gauss  for  YBa2Cu30y_x.  The  lower  Hall  coefficient  suggests  the 
existence  of  higher  carrier  concentrations  in  mixed  phase  samples  (as  high  as 
1022  cm'®  ).  Measurements  are  underway  on  recently  prepared  samples  which 
contain  higher  volume  fractions  of  the  new  phase. 


10 


IV.  Discussion: 


A.  Structural  model: 


Our  real  space  images  and  diffraction  patterns  demonstrate  the  existence  of  an 
ordered  array  of  c-axis  stacking  faults.  A  structural  model  for  a  new  phase  based 
on  these  stacking  faults  will  now  be  considered. 


Considering  first  the  diffraction  data  alone,  one  can  try  to  fit  the  new  unit  cell 
dimensions  and  symmetries  to  models  in  which  either  extra  Y  planes,  extra  Ba-0 
planes,  or  extra  Cu-0  planes  have  been  inserted  into  the  normal 
structure.  In  each  case  one  might  look  for  the  presence  of  two  counterbalancing 
fault  planes  per  unit  cell.  With  the  addition  of  two  extra  planes  then,  of  average 
thickness  1/6  C^23>  one  would  expect  a  resultant  c-axis  dimension  of: 


*2x1$ 


yielding  C  *  27.255  A.  This  agrees  within  experimental  error  to  the  c-parameter 
refined  from  Table  I.  Differences  from  this  value  may  be  attributable  to  relaxed 
thicknesses  in  the  two  stacking  faults. 


Chemical  precedents  for  the  structure  of  stacking  faults  can  be  derived  from 
model  compounds  such  as  I^CuC^  21  or  SrCu02  22,23 .  In  the  former  compound, 
extra  Ba  or  La  atoms  are  accomodated  in  a  perovskit'  structure  by  the  formation 
of  a  body-centered  unit  cell.  SrCuC>2  appears  to  be  more  relevant  to  the  present 
case,  however,  since  it  demonstrates  that  extra  planes  of  copper  atoms  can  lead  to 
the  formation  of  a  side-centered  unit  cell,  in  agreement  with  our  diffraction 
results. 


Zandbergen  et  al.8  proposed  a  model  for  isolated  c-axis  defects  in  YBa2CugOY_x 
based  upon  high-resolution  TEM  images.  They  showed  that  their  images,  similar 
to  ours,  can  be  modeled  with  the  insertion  an  extra  Cu-0  plane  between  adjacent 
Ba-0  layers.  Besides  the  appropriate  expansion  of  the  lattice  by  16%,  this  also 
results  in  a  lattice  shift  across  the  defect  by  1/2  [010].  The  insertion  of  one  such 
plane  in  every  unit  cell  would  produce  a  side-centered,  27.2  A  phase,  consistent 
with  our  diffraction  results.  This  model  also  accounts  for  the  excess  copper 
concentration  observed  in  our  defect  regions.  (Extra  yttrium  concentrations, 
present  in  our  thin  film  samples,  have  been  observed  as  incoherent  precipitates, 
probably  the  Y2BaCuOg  phase.) 

The  space  group  for  this  new  phase,  based  upon  the  Zandbergen  defect  model, 
would  be  Ammm  A  schematic  of  the  structure  is  shown  in  Figure  5.  The 
composition  would  be  Y2Ba4Cug  °20-x-  Since  neither  our  real  space  images  nor 
our  diffraction  data  are  very  sensitive  toward  oxygen  concentrations,  we  are 
unable  to  comment  at  this  time  on  the  existence  or  non-existence  of  Cu-0  chains 
in  the  either  of  the  copper-oxygen  layers.  Some  evidence  for  plane  or  chain 
structure  might  arise  in  the  future  from  measured  differences  between  a  and  b 
lattice  parameters.  We  note  that,  in  a  study  of  the  compound  SrCu02  23  where 
two  CuO  planes  were  found  to  exist  between  SrO  layers,  a  chain  structure  in  the 
layers  was  reported.  An  interpretation  of  transport  properties  however,  as 
presented  below,  may  argue  against  the  existence  of  chains. 

Based  on  the  observation  that  Cu-0  stacking  faults  exist  as  isolated  entities  as  well 
as  in  ordered  arrays,  it  is  reasonable  to  conclude  that  a  range  of  solid  solutions 
exists  between  the  limits  of  YBa2CugO<7_x  and  Y2Ba4Cug02Q.x,  at  least  in 


metastable  equilibrium.  While  such  a  metastable  equilibrium  might  be  restricted 
to  materials  in  thin  film  form,  it  would  be  interesting  to  look  for  greater  quantities 
of  this  phase  in  bulk  materials. 
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B.  Transport  Properties 


The  question  of  oxygen  stoichiometry  and  placement  in  Y2Ba4Cug02Q_x,  which 
cannot  yet  be  determined  from  our  data,  will  certainly  be  important  to  the  study  of 
electronic  transport  properties.  It  might  be  expected  that,  if  the  ratio  of  extra 
oxygen  atoms  to  extra  copper  atoms  were  greater  than  one  to  one,  then  the 
resulting  material  would  be  doped,  i.e.  it  would  have  a  greater  concentration  of 
holes.  This  might  explain  the  observation  of  lower  Hall  constants  in  materials 
containing  the  second  phase.  Adding  extra  oxygens  in  this  ratio  to  extra  coppers, 
however,  argues  against  the  existence  of  Cu-0  chains  in  the  additional  layers. 
Certainly  we  expect  the  chemical  environment  of  the  coppers  to  be  different  in  this 
new  material,  where  two  CuOx  layers  now  exist  side  by  side.  The  differences 
between  YgBa^Cug  °20-  >x  and  YBagCugO*^  may  allow  for  significant 
comparisons  of  transport  properties  in  the  CuOx  layers  of  different  types. 


V.  Conclusions 


Based  on  images  as  well  as  diffraction  patterns  we  conclude  that  ordered  arrays 
of  stacking  faults  can  form  a  distinct  phase  in  the  Y-Ba-Cu-0  system  near  the 
YBa2Cu307.x  composition.  In  many  regions  the  ordering  of  the  faults  is  nearly 
complete,  giving  unique  electron  diffraction  symmetries.  X-ray  diffraction 
indicates  that  the  new  phase  exists  in  volume  fractions  comparable  to  that  of  its 
parent:  YBagCugOy^.  Both  composition  and  diffraction  information  support  a 


model  bailed  on  extra  Cu-0  planes,  identified  as  Y2Ba^Cug02o.x-  The  existence  of 
the  new  phase  may  be  associated  with  unusual  transport  properties  in  the  films 
such  as  low  normal  state  resistivities  and  higher  carrier  concentrations. 
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Table  I: 

X-ray  diffraction  peaks  of  the  new  phase  observed  in  sample  A',  indexed 
according  to  an  A-centered  unit  cell  (consistent  with  Figure  4).  The  refined  cell 
parameters  are:  a  s  b  a  3.86  +/-  0.02  A  and  c  =»  27.19  +/-  0.07  A.  An  independant  x- 

ray  determination  of  extinctions  was  not  possible  in  this  sample  because  of 
interference  from  peaks  of  the  substrate  and  of  the  YBagCugCU 
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FIGURE  CAPTIONS: 

Figure  1: 

X-ray  diffraction  pattern  of  a  "mixed  phase"  sample  (sample  A).  The  strongest 
peaks  are  due  to  SrTiOg  (001)  and  (002),  the  others  are  due  to  001  peaks  of  either  the 
YBa2CugO«7.x  structure  or  the  new  phase.  Peaks  from  the  new  phase  are  marked 
by  asterisks  and  correspond  to  multiples  of  a  13.6  A  spacing. 

Figure  2: 

A-axis  grains  of  YBagCugOy.^  (sample  B)  at  90  degrees  to  each  other.  Defect 
regions  several  hundred  angstroms  in  width  are  observed  along  the  (001)  planes 
within  the  grains. 

Figure  3: 

A  high  resolution  image  of  the  grain  in  Figure  2  shows  the  normal  YBa2Cu307_x 
structure  on  the  left  and  the  defect  region  on  the  right.  The  strong  white  fringes 
at  11.7  A  of  the  normal  structure  are  the  Cu-0  planes  between  the  Ba-0  planes. 
These  regions  are  expanded  in  the  defect  region  indicating  insertion  of  extra 
planes.  Occasional  "good"  interfaces  (arrows)  also  are  seen  in  this  region. 

Figure  4: 

Microdiffraction  patterns  from  defect  regions  appearing  within  [100]  (a  and  b)  and 
[110]  (c)  YBa2Cu*j07_x  grains.  Figures  a  and  b  are  from  two  different  grains  of 
Sample  A,  Figure  c  is  from  sample  B.  The  symmetry  shown  in  each  pattern  is 
distinct  and  yet  related  by  epitaxy  to  that  of  the  neighboring  YBa2Cu307_x 
material.  A  consistent  indexing  of  the  spots  can  be  obtained  by  assigning  the  zone 
axis  of  the  patterns  to  [100],  [010]  and  [110]  respectively. 

Figure  5: 

Schematic  structure  of  the  new  phase  YgBa^CugC^g.j  with  space  group  Ammm. 
For  reasons  of  clarity,  oxygen  atoms  have  been  ommitted. 
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Two-dimensional  Superstructure  in  the  A-B  Plane  of  Bi2(Ca,Sr)3Cu208+8 
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Abstract 


Thin  films  of  Bi-Ca-Sr-Cu-O  showing  superconductivity  above  100  K  have 
been  made  by  election  beam  evaporation  with  post  oxygen  annealing.  The 
major  superconducting  phase  (Bi2(Ca,Sr]3Cu20g+5 ,  Tc  -  85  K)  is  oriented 
epitaxially  with  the  (100)  SrTi03  substrate.  In  addition  to  the  one 
dimensional  incommensurate  superstructure  along  the  b-axis,  which  is 
characteristic  of  this  phase,  we  have  observed  by  transmission  electron 
microscopy  a  two-dimensional  incommensurate  superstructure  in  the  a-b 
plane  with  a  differen  periodicity  and  a  different  orientation  relationship  to 
the  subcell. 


Recently,  Maeda  et.  al.  [1]  reported  the  existence  of  superconductivity 
above  100  degrees  K  in  samples  made  from  the  Bi-Sr-Ca-Cu-O  system.  This 
work  has  been  reproduced  in  other  laboratories  [2-5]  and  a  superconducting 
phase  at  85  K  has  been  identified  with  the  approximate  composition 
Bi2(Sr,Ca)3Cu2C8+5 ,  ("232").  Many  groups  have  reported  the  existence  of 

two  superconducting  phases  based  on  observations  of  significant  magnetic 
flux  exclusions  and  sharp  drops  in  resistivity  at  110  K.  To  our  knowledge, 
however,  the  110  K  phase  has  not  been  isolated.  The  composition  and 
crystal  structure  differences  between  the  85  and  110  K  phases  are  likely  to  be 
very  subde.  For  example,  Tarascon  et  al  [4]  reported  that  while  high 
temperature  heat  treatments  on  the  "232”  phase  could  enhance  the 
magnitude  of  the  110  K  transition,  no  significant  changes  in  the  x-ray 
diffraction  patterns  were  observed. 

This  paper  reports  the  succesful  synthesis  and  initial  structure-property 
analyses  of  Bi-Sr-Ca-Cu-O  thin  films.  Transitions  at  both  110  K  and  80  K 
have  been  observed,  even  in  samples  which  appear  from  x-ray  diffraction  to 
be  of  a  single  "232"  phase  and  of  nearly  a  single  epitaxial  orientation.  In  a 
transmission  electron  microscope  (TEM)  study  of  the  "232"  phase  from  a 
multiphase  sample,  however,  we  have  observed  variations  in 
superstructure  order  within  the  single  parent  phase.  Large  areas  of  the 
material  show  incommensurate  order  along  the  b-axis,  as  reported  by  Shaw 
et  al  [6].  In  addition  we  observe  a  two-dimensional  incommensurate 
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superstructure  in  the  a-b  plane  with  both  a  different  periodicity  and  a 
different  orientation  relationship  to  the  parent  phase. 

The  films  were  deposited  by  electron  beam  co-evaporation  with  three 
metal  sources:  Bi,  Cu  and  Ca/Sr  onto  (100)  SrTi03  substrates.  The  substrate 

was  held  at  ambient  temperature  during  deposition.  Initial  depositions 
were  made  at  a  nominal  composition  1:1:1:2  (Bi:Ca:Sr:Cu)  resulting  in 
multiphase  films.  Subsequent  depositions  near  the  4:3:3:4  composition 
have  produced  almost  single  phase  material  with  superconducting 
transitions  similar  to  that  of  the  multiphase  film.  During  deposition 
oxygen  gas  was  introduced  through  a  stainless  steel  tube  directed  to  the 
substrates;  oxygen  partial  pressure  was  ~4  x  10**  Torr.  Samples  with 
composition  1:1:1:2  were  post-annealed  at  650  C  for  1  hr,  750  C  for  1  hr  and 
850  C  for  1  hr  in  sequence  under  oxygen  flow;  samples  of  composition 
4:3:3:4  were  post  annealed  at  850  C  for  6  hrs  under  oxygen  flow.  The 
transition  temperature  seems  not  to  depend  on  the  cooling  rate:  samples 
quenched  from  high  temperature  give  almost  the  same  results  as  those 
cooled  slowly. 

X-ray  diffraction  of  the  films  in  both  the  normal  (Bragg-Brentano)  and 
asymetric  geometries  confirms  the  presence  of  the  Bt2(Ca,Sr)3Cu208+5 
phase  (a  =  b»  5.4  A,  c  =  30.78  A).  Samples  made  at  the  4:3:3:4  composition 
show  no  evidence  of  second  phases  and  only  one  peak  (d  =  2.7  A)  in  the 
normal  scan  which  cannot  be  indexed  as  either  c-axis  "232"  or  SrTi03-  The 
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2.7  A  peak  in  this  scan  might  represent  an  a-axis-normal  orientation  of  the 
superconducting  phase  (index  (200));  its  intensity  is  less  than  1%  of  the 
neighboring  c-axis  (0010)  peak.  In  off-stoichiometry  films,  including  the 
1:1:1:2  sample  reported  on  below,  we  have  observed  three  additional  phases. 
Preliminary  analyses  using  x-rays  and  electron  microprobe  indicate  that 
these  are:  A)  CuO,  B)  a  plate-lika  epitaxial  phase  with  c-axis  diffraction  at 
multiples  of  12.26  A  (While  containing  all  five  elements,  this  phase  is 
bismuth  rich  relative  to  "232"  as  was  reported  by  (3)),  and  finally  C)  a 
randomly  oriented  needle-like  phase  with  characteristic  6.50  A  spacing  and 
approximate  composition  (Ca,Sr)i  ,2Cu20x. 

The  resistivity  vs.  temperature  data  for  two  samples  with  the  1:1:1:2 
and  4:3:3:4  compositions  are  shown  in  Fig.  1.  The  resistivity  was  measured 
by  the  four-point  probe  method.  Both  films  show  a  significant  drop  near 
110  K  and  a  sharp  full  transition  at  75  K  for  the  multiphase  sample  and  80  K 
for  the  single  phase  sample.  In  these  films  the  grains  are  believed  to  extend 
through  the  thickness;  this  implies  two-dimensional  percolation  and  a 
suppression  of  the  110  K  signal  as  compared  with  bulk  samples  [7].  While 
we  have  observed  similar  superconducting  transitions  in  samples  made 
from  several  different  compositions,  we  have  also  noted  that  annealing 
temperatures  of  at  least  850  C  are  necessary  in  order  to  produce  a  110  K 
signal.  Additionally,  prolonged  anneals  at  temperatures  in  excess  of  880  C 
have  been  observed  to  result  in  a  decomposition  of  the  film  (generally 
resulting  in  the  three  additional  phases  noted  above).  The  observation  of 


both  80  and  110  K  transitions  in  single  phase  films  supports  the  proposition 
that  the  structures  responsible  for  the  two  transitions  are  closely  related. 

TEM  results  presented  here  were  obtained  from  film  A  of  Figure  1. 
Analysis  of  the  single  phase  films  is  currently  being  carried  out  TEM  shows 
that  there  is  a  significant  amount  of  in-plane  orientation  of  the  "232"  phase 
with  the  a  and  b  axes  of  the  structure  aligned  with  the  [110]  directions  of  the 
substrate.  Because  our  TEM  specimens  thus  far  have  been  planar  sections 
we  cannot  directly  image  the  layering  along  the  c-axis.  However, 
convergent  beam  patterns,  which  give  access  to  the  third  dimension  of 
reciprocal  space,  confirm  that  the  layer  periodicity  is  ~31  A  (Figure  2).  We 
find  that  the  superperiod  along  the  b-axis  is  consistently  shorter  than  the 
commensurate  27  A  spacing  reported  by  some  [2,3].  This 
incommensuration  also  occurs  in  bulk  specimens  made  in  our  laboratories; 
the  periodicity  is  of  the  same  order  as  that  reported  by  Shaw  et  al.  [6],  25.8  A, 
and  has  not  been  observed  to  vary  significantly  with  composition  or 
annealing  treatment. 

Analysis  of  the  convergent  beam  pattern  shown  in  Figure  2  indicates  a 
point  group  mm2.  This  is  based  on  rather  subtle  variations  in  the  patterns 
of  diffuse  intensity  in  the  non-zero  order  discs  showing  a  single  mirror 
rather  than  two  perpendicular  mirrors  in  the  [001]  projection.  Others  have 
suggested  the  point  groups  mmm  [2,10],  or  4mm  or  4/mmm  [4].  While 
these  other  point  groups  may  be  applicable  to  the  subcell,  our  convergent 


beam  patterns  may  reflect  the  loss  of  a  mirror  plane  due  to  the  b-axis 
superstructure. 


In  additional  to  the  one  dimensional  superstructure  along  the  b-axis  we 
have  also  observed  a  two-dimensional  superstructure  in  the  [001] 
orientation.  The  two  types  of  patterns  are  compared  in  Figure  3,  a  and  b. 
The  two-dimensional  superstructure  exhibits  a  significantly  larger 
periodicity,  approximately  36  A  as  compared  with  26  A  in  the  one¬ 
dimensional  b-axis  ordering,  and  is  rotated  between  four  and  five  degrees 
with  respect  to  the  substructure.  This  results  in  a  pattern  with  apparent 
four-fold  symmetry  but  with  a  loss  of  mirror  planes  parallel  to  the  four-fold 
axis.  Convergent  beam  patterns  show  that  the  30.7  A  periodicity  along  the  c- 
axis  remains;  however,  we  have  been  unable  to  obtain  convergent  beam 
patterns  of  sufficient  quality  to  determine  if  the  structure  is  truly  tetragonal. 
Regions  of  the  film  showing  the  two-dimensional  superstructure  have  the 
same  sublattice  orientation  as  adjacent  one-dimensional  regions  and  there 
is  no  dear  boundary  between  the  two.  However  there  are  sometimes 
regions  between  the  two  that  appear  to  be  transitional  as  shown  in  Figure 
3c.  We  have  also  observed  the  two-dimensional  ordering  at  least  once  in 
bulk  specimens  showing  superconductivity  above  100  K.  No  obvious 
difference  in  composition  was  found  between  one  and  two  dimensional 
regions  using  semi-quantitative  x-ray  microanalysis. 
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High-resolution  images  of  the  one  and  two  dimensional  superstructures 
in  the  a-b  plane  are  shown  in  Figure  4.  The  superstructure  fringes  appear 
diffuse  with  no  sharp  boundaries;  the  rotation  of  the  two-dimensional 
superstructure  with  respect  to  the  2.7  A  subcell  fringes  is  evident  in  Fig.  4b. 
The  true  periodicity  of  the  superstructure  is  twice  that  of  the  image.  Shaw 
et  al.  [6]  have  shown  that  the  b-axis  ordering  as  seen  in  the  [100]  direction 
occurs  along  layers  and  is  "out-of-phase"  in  alternating  Bi202  layers; 

this  gives  the  appearance  of  one- half  the  period  when  viewed  in  the  [001] 
direction. 

The  one  and  two  dimensional  superstructures  in  the  a-b  plane  appear 
to  be  due  to  the  same  structural  modulation  both  because  of  their  similar 
diffraction  and  imaging  characteristics,  and  because  they  occur  intimately 
intermixed  in  the  same  "grain"  of  the  subcell  structure  with  no  dear 
boundary  between  them.  However,  the  nature  of  this  modulation,  even  in 
the  more  commonly  observed  one-dimensional  structure,  has  not  yet  been 
determined.  The  appearance  of  strong  satellites  about  subcell  reflections, 
the  intensity  of  which  falls  off  rapidly  with  distance  from  the  subcell 
reflections,  is  characteristic  of  several  types  of  modulated  structures, 
induding  composition  modulations  (e.g.  spinodals),  periodic  shear  or 
antiphase  boundary  structures,  and,  in  some  cases,  charge  density  waves  [8]. 
The  rotation  of  such  superstructures  with  respect  to  the  subcell  has  been 
observed  in  shear  structures  [8]  and  charge  density  waves  [9].  The  lack  of 
sharply  defined  interfaces  in  the  real  space  image  suggests  a  compositional 


modulation  or  charge  density  wave  rather  than  a  crystallographic  shear  or 
displacement.  However,  the  discontinuity  of  the  modulation  along  the  c- 
axis  and  localized  distortion  of  the  superstructure  as  observed  in  the  b-c 
plane  by  Shaw  et  al.  [6]  may  allow  for  diffuse  imaging  of  such  a  structure. 

It  will  be  a  challenge  to  model  the  structural  origin  of  various  observed 
superstructures  in  Bi2(Ca,Sr)3Cu208+8  „  and  to  establish  their  relationship, 
if  any,  to  the  existence  of  110  K  superconductivity.  We  are  currently  looking 
for  correlations  between  the  density  of  these  phases  and  the  existence  of 
sharp  resistivity  drops  at  110  K. 
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Properties  of  both  unfaulted  aad  faulted  c-axis-oriented  YjBaiCuiOit-s  thin  films  are  reported. 

Their  superconducting  transition  temperatures  are  81  aod  93  K,  respectively.  Thia  implies  that 
the  precise  ordering  of  copper -oxygea  layers  in  YBajCujOt-«  is  not  crucial  for  tbs  high  Tf. 

YiBa«CueOie-j  exhibits  lower  resistivity  aad  lower  Hall  coefficient  than  YBajCujO-,.  The  ex¬ 
tra  copper-oxygen  layers  seem  to  play  aa  important  role  in  the  normal  state. 


Recently,  we  presented  an  analysis,  using  both  x-rsy 
and  electron  diffraction,  of  an  ordered  defect  structure  in 
epitaxial  films  of  Y-Ba-Cu-O.1  We  determined  that 
significant  volume  fractions  of  a  film  could  be  character¬ 
ized  by  a  c-axis  parameter  which  ia  expanded  by  the  width 
of  one  atomic  layer  from  the  normal  YBajCujOr-x 
(1:2:3)  structure.2  Unng  a  model  originally  proponed  by 
Zandbergea  era/.1  for  isolated  defects  in  bulk  materials, 
we  proposed  the  existence  of  an  ordered  defect  structure 
in  which  an  extra  copper-oxygen  layer  appears  ia  every 
unit  cell  of  the  parent  1:2:3  material  (see  the  inset  in  Fig. 
I),  The  composition  of  this  structure  would  be 


2®  (deg) 


FIG.  I  X-rsy  diffractsea  data  of  a  c-exie-orieated  2:4:8  sam¬ 
ple  Peaks  marked  with  aa  asterisk  bekseg  to  the  1.2:3  phase  of 
the  sample.  Each  arrow  o«  lbs  2:4:8  peaks  denotes  the  direcuoa 
it  moves  when  the  stacking  faults  appear.  Inset  shows  a  unit  cell 
of  2:4:8  structure. 


YjBasCuiOm-z  (2:4:8).  In  this  paper,  we  report  addi¬ 
tional  evidence  for  the  2:4:8  model  is  well  it  the  synthesis 
of  films  in  which  the  new  material  appears  as  nearly  a  sin¬ 
gle  phase  with  a  high  degree  of  ordering  perfection.  Upon 
changes  ia  growth  sod  postanoealing  conditions,  samples 
could  be  made  either  as  1:2:3,  or  2:4:1,  or  more  common¬ 
ly,  as  faulted  structures  that  mix  the  two.  We  report 
normal-state  sod  superconducting  properties  for  the  new 
phase  as  well  u  its  structurally  faulted  variations.  We 
find  that  the  new  phase  is  characterized  by  significant 
changes  ia  the  normal-state  transport  properties  when 
compared  to  the  1:2:3  compound,  while  its  critical  temper¬ 
ature  in  decreased  by  only  10  K.  Our  interpretations  of 
the  obeerved  properties  are  discussed  in  terms  of  the  pro¬ 
posed  1-4:8  structure. 

Samples  were  prepared  by  both  electron-beam  evapora¬ 
tion  and  reactive  magnetron  sputtering.  Detailed  descrip¬ 
tions  of  the  deposition  techniques  were  published  else¬ 
where. 4,1  BsFj  was  used  as  the  Be  source  in  the  evapora¬ 
tion,4  and  e  Bn  metal  target  was  used  in  the  sputtering. 
Microprobe  analysis  showed  no  fluorine  in  the  samples 
made  with  BaFj  after  a  wet  Oj  anneal  In  order  to 
achieve  the  well-ordered  new  phase,  the  films  had  to  be 
rich  in  Cu  with  slightly  Y-rich  composition  (YuBsbCujt) 
according  to  the  microprobe.  Films  made  with  Be  metal 
have  properties  consistent  with  thoee  of  films  made  with 
BsFj.  For  transport  measurements,  samples  were  pat¬ 
terned  into  0.4-nun-wide  sad  2-nun-loag  strips  by  regular 
photolithographic  tochaiqms  Low -resistance  coo  tacts 
were  made  using  silver  evaporated  on  the  pads.  The  x-ray 
diffraction  data  in  this  paper  were  obtained  using  a  four- 
drdn  x-my  diffractometer  ia  e  symmetrical  scattering 
geometry  (diffraction  vectors  normal  to  the  film). 
Despite  n  dear  interest  in  determining  oxygea  coaoentra* 
tions  ia  the  new  structure,  we  have  not  yet  found  e  reliable 
analytical  method  which  is  applicable  to  thin  films. 

Figme  I  shows  x-rsy  diffraction  data  of  an  oriented 
2:4:8  sample  (curve  A  in  Fig.  3)  with  c  axis  perpendicular 
to  the  SrTtOj  (100)  substrate.  As  indicated  in  the  figure, 
each  major  peak  can  be  aasigned  to  either  the  substrate, 
c-axis-oriented  1:2:3,  or  c-axis-oriented  phase  having  s 
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lattice  panmeter  of  27.19  A  with  odd-ordar  reflection 
missing.  We  note  that,  relative  to  a  film  made  up  almost 
entirely  of  1:2:3,  the  iflteaaity  of  the  1:2:3  is  about  8%. 
Furthermore,  each  peek  of  the  27.19  A  phase  is  sharp  and 
falls  at  a  scenarios  vector  whose  mafaitude  is  aa  integer 
multiple  of  2e/27.19  A-1  within  our  experimental  pre¬ 
cision  of  ±0.003  A“*.  For  the  remainder  of  this  paper, 
we  refer  to  samples  which  satisfy  this  criterioo  as  “well  or¬ 
dered”  or  “unfaulted,”  in  contrast  to  the  “faulted”  struc¬ 
ture  described  next. 

As  reported  earlier,1  we  also  observed  diffractioo  pat¬ 
terns  having  broad  peaks  close  to,  but  not  precisely 
aligned  with,  the  well-ordered  positions.  Figure  2  shows 
diffraction  and  resistivity  data  for  (a)  a  well-ordered  sam¬ 
ple  and  (b)  the  same  sample  after  further  annealing. 
After  a  further  anneal  the  peaks  shifted.  We  interpret 
these  results  to  imply  that  the  well-ordered  structure  is  not 
stable  at  higher  temperatures.  This  may  be  a  reason  why 
our  film*  made  with  BaFj  have  a  more  well-ordered  ma¬ 
terial  since  they  were  annealed  at  lower  temperatures  and 
for  leas  time.  W«  believe  that  the  peak  shifts  are  due  to 
layering  disorder  in  the  structure.  Support  for  this  inter¬ 
pretation  is  found  by  considering  the  diffraction  patterns 
expected  for  layered  structures  with  random  faults.7  As 
random  faults  are  introduced,  diffractioo  peaks  broaden 
and  shift.  The  magnitude  and  direction  of  the  shift  de¬ 
pend  on  the  details  of  the  modaL  A  simple  relevant  model 
is  the  case  of  stacking  monoatomic  layers  with  two  possi¬ 
ble  interlayer  distances:  11.7  and  13.6  A.  Them  spacings 
reproduce  the  observed  sets  of  wall-ordered  peak  posi¬ 
tions.  Takun  the  13.6  A  spacing  as  the  norm  and  intro¬ 
ducing  11.7  A  spacings  u  faults,  the  peak  shifts  ate  found 
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FIG.  2.  X-ray  diffract**  data  of  a  r-axia-onaatad  14:1/1:2:3 

misad  bat  unfaahad  tampia  (a),  tad  tba  teas  tampia  a/tar 
high-taaparatara  aaaaaiian  (b).  Tba  ibifta  of  tba  paaks  in 
coasatsat  with  raadem  2:4:1  ttacfcUg  faults.  laaat  shows  tba 
resistivity  re  temperature  data. 


to  oscillate  with  scattering  angle  with  the  same  direction 
as  our  observations.  Tbs  amplitude  of  the  shifts  increase 
with  an  increasing  density  of  faults.  These  conaideratioas 
lead  us  to  refer  to  materiel  showing  such  oscillatory  peak 
shifts  aa  “faulted.”  More  complete  calculations  taking 
into  account  tha 'multicomponent  nature  of  our  films  are 
underway.  We  have  alao  found  that  upon  further  anneal, 
a  Bragg  peak  at  26*33.3  appears,  which  we  attribute  to 
CuO.  Note  that  there  is  a  clear  change  in  its  supercon¬ 
ducting  transition  temperature,  associated  with  the  struc¬ 
tural  change  (see  the  insets  in  Fig,  2). 

Resistivity  versus  temperature  dam  for  the  unfaulted 
2:4:8  sample  (curve  A)  are  shown  in  Fig.  3  along  with  a 
1:2:3  phass  (curve  B),1  a  faulted  2:4:8  phase  (curve  C) 
and  a  1:2:3/14:8  mixed  but  unfaulted  phase  sample 
(curve  D).  There  are  three  points  to  note.  (1)  The  transi¬ 
tion  temperature  of  the  uafauhed  14:8  phase  is  about  10 
K  lower  than  the  91  K  normally  seen  in  the  1:2:3  struc¬ 
ture.  (2)  The  14:8  phase  has  e  lower  resistivity:  150 
jiflcm  at  300  K  and  30  m  a  cm  at  100  K  compared  with 
300  >iQca  at  300  K  and  100  jiOcm  at  100  K  for  the 
l:13phnaa.  (3)  The  ramstivity  of  the  14:8  sample  extra¬ 
polates  to  aro  around  55  K  while  the  reaistivity  of  the 
1:13  extnpobtm  to  zero  nt  (or  slightly  above)  OK.  This 
intriguing  point  in  dimmed  below.  Some  samples  with 
faulted  14:8  structure  have  been  observed  with  onset  tem¬ 
peratures  as  high  as  96  K  and  zero- resistance  tempera- 
tune  as  high  as  93  K.  Them  values  are  repeatedly  about 
3-4  K  higher  than  thorn  of  our  well-ordered  1:2:3  samples 
mads  under  the  same  conditions.  Whether  this  higher  Tt 
is  just  a  sample  to  simple  variation  or  a  special  property 
of  this  faulted  14:1  structure  (e.g.,  due  to  strain  or  doping 
of  the  1:13  structure  produced  by  the  stacking  faults  or 
some  kind  of  superstacking)  is  yet  to  be  clarified.  The 
sample  with  unfaulted  14:1  and  1:13  phases  (curve  D) 
that  are  presumably  mixed  on  e  macroscopic  scale  dearly 
has  one  transition  at  90  K  and  toother  transition  at  81  K 
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FIG.  3.  Rmatmty  re  tsmparatsra  dau  of  s  c-nu-onented 
uafauhed  2:4:1  tampia  (cam  A),  >  typical  c-uut-onaatad  1:2:3 
tampia  (cam  •),  a  c-**i*-ori*at*d  faahsd  2:4:1  tempi*  (cum 
C).  tad  a  1:2:3/14:1  miaad  bat  ufashed  tempi*  (cum  D). 
I  rest  tbowt  mif tit*  tine  re  tamparetura  dau  of  •  c-uu- 
orieaud  uafauhed  14:1  tampia. 
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corresponding  to  tho  1:2:3  transition  tod  the  2:4:8  trtnsi- 
(rot),  respectively. 

In  order  to  establish  farther  that  the  change  in  f,  is  due 
to  the  2:4:8  phase,  magnetization  versus  temperature  data 
taken  while  halting  an  unfaulted  2:4:8  sample  in  a  per* 
pendicular  field  of  100  0  are  shown  in  the  inset  in  Fig.  3. 
The  sharp  transition  temperature  at  81  K  ia  in  excellent 
agreement  with  the  resistivity  measurement  The  critical 
current  density  Jt  determined  from  the  magnetic  hyi* 
teresis  loop  is  about  4x  10*  A/cm2  ia  3  kG  at  4.2  K  and 
I  x  io*  A/cm2  in  3  kG  at  60 1C  Tbeea  values  are  compa* 
rabie  to  those  of  good  c-axis-oriented  epitaxial  1:13 
films.5-* 

In  Fig.  4,  we  show  that  the  Hall  coefficient  data  Rh  for 
this  unfsulted  2:4:8  sample  (curve  A)  are  smaller  than 
those  of  the  1:2:3  material  (curve  B),10  implying  higher 
carrier  density,  at  least  within  the  framework  of  a  simple 
single-band  theory.  The  1:13/14:8  mixed  sample  (curve 
C)  with  stacking  faults  has  the  Hall  coefficient  value  in 
between  those  of  the  1:2:3  sample  and  the  unfaulted  2:4:8 
sample.  The  linear  temperature  dependence  of  l/Rg  at 
the  unfsulted  1:2:3  phase  takes  on  more  curvature  u  the 
new  stacking  sequence  appears  as  seen  in  Fig.  1  The  De¬ 
faulted  2:4:8  case  displays  more  complex  behavior  ia  this 
temperature  range.  It  ia  interesting  to  note  that  the  tem¬ 
perature  at  which  the  inverse  Hall  coefficient  for  the  un¬ 
faulted  2:4:8  phase  extrapolates  to  zero  coincides  with  the 
temperature  at  which  the  resistivity  extrapolates  to  zera 
All  the  samples  showed  hole-type  Hall  effects.  Finally,  we 
have  made  preliminary  ir  reflectance  measurements  oe  the 
unfaulted  2:4:8  material.  The  results  show  behavior  simi¬ 
lar  to  the  1:2:3  material  but  with  a  generally  higher 
reflectance,  consistent  with  the  higher  carrier  density. 

We  will  now  interpret  thees  data  in  terms  of  the  pro¬ 
posed  2:4:8  structure.  The  fact  that  the  TV  at  the  unfault- 
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FIG.  4.  Hall  oocAcmou  Pm  and  a*l//t»«e  of  a  c-axis- 
ornaud  unfsulted  2:4:1  ueipla  (cum  A),  a  typical  c-sxis- 
oriontad  1:2:3  sample  (cum  B).  tad  a  c- axis -ones  ted  faulted 
2:4.1  sample  (cum  C). 
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ed  2:4:8  sample  is  only  slightly  lower  than  that  of  a  good 
1:2:3  sample  indicates  that  high- TV  superconductivity 
does  not  depend  on  the  precise  ordering  of  the  copper- 
oxygen  layers  in  the  1:2:3  structure.  Furthermore,  if  2:4:8 
has  a  different  Cu-0  chain  configuration  from  1 :2:3,  this 
would  imply  that  the  Cu-0  chains  are  not  crucial  for 
high  TV,  in  contrast  to  models11  which  assign  the  Cu-0 
chains  a  crucial  role  ia  the  superconducting  mechanism  of 
the  high  TV.  A  possible  role  of  theie  layers  is  to  couple  to¬ 
gether  the  two  adjacent  Cu-O}  pianea;  thus,  by  adding 
another  copper-oxygen  layer  between  the  Cu-Oj  planes, 
the  coupling  between  the  Cu-Oj  plana  becomes  weaker, 
resulting  in  a  slightly  lower  TV.  Another  possible  role  of 
the  copper -oxygen  layers  between  the  Ba-0  layers  is  to 
dope  the  system  with  carriers. 

While  the  effect  of  the  extra  copper-oxygen  layer  on  7V 
is  relatively  small,  the  effect  on  the  normal-sure  proper¬ 
ties  is  significant.  For  example,  even  though  both  the 
1:13  sad  the  14:g  materials  show  a  linear  temperature 
dependence  at  the  resistivity,  the  abeohite  value  of  the 
rarisdrity  of  14:g  is  loww  than  1:13  sad  its  extrapolates 
to  zero  at  S3  K  whereas  the  1:13  material  extrapolates  to 
zoo  near  OK.  The  lower  resistivity  might  originate  from 
the  higher  carrier  density  in  14:8  material.  However,  the 
extrapolation  to  zero  resistivity  at  SS  K,  which  we  have 
not  seen  in  any  of  our  other  materials,  presorts  a  more 
difficult  problem.  One  possible  explanation  is  that  there 
exists  a  scattering  mechanism  in  these  materials  with  a 
characteristic  temperature  higher  than  room  temperature 
such  that,  ia  tha  temperature  range  over  which  we  have 
been 'measuring,  the  temperature  dependence  of  the  resis¬ 
tivity  is  actually  a  linear  approximation  to  an  underlying 
nonlinear  dependence.  If  this  ia  true,  it  follows  that  the 
apparent  linear  temperature  dependence  in  these  materi¬ 
als  is  an  artifact  (similar  to  tbs  Gruncisea- Bloch  formu¬ 
la12  for  purs  morels).  However,  this  interpretation  re¬ 
quires  that  the  residual  resistivity  of  the  1:13  material  be 
much  greater  than  that  of  the  14:8.  Finally,  the  tempera¬ 
ture  dependence  of  MRh  for  the  14:8  phase  is  different 
from  that  of  1:13.  Tha  forma  is  not  moootookally  de¬ 
creasing  and  the  latter  is.  Metals  that  can  be  described  by 
single-bead  theory  have  temperature-independent  Hell 
coefficient.  Evidently,  a  single-band  theory  is  inadequate 
and  two  a  more  bends  would  be  necessary  to  adequately 
account  for  both  the  anomalous  Hall  coefficient  and  resis¬ 
tivity  ia  a  singie-clectroa  picture. 

In  summary,  we  have  found  additional  evidence  that 
Hacking  faults  ia  tha  form  of  extra  copper -oxygen  layers 
can  be  ordered  to  form  e  new  phase,  the  2:4:8  phase. 
While  the  uafsuhad  14:8  phase  has  TV  of  81  K,  faulted 
2:4:8  phaae  can  have  TV  as  high  as  96  K,  higher  than  nor¬ 
mally  saaa  ia  good  1:2:3  films.  Tbs  small  change  in  7V 
impbai  that  tha  precise  ordering  of  coppa-oxygen  layers 
in  1:13  is  not  crucial  fa  the  high  TV.  The  normal-state 
properties  of  14:g  phase  differ  significantly  from  those  of 
the  1:2:3  phase:  the  2:4:8  phasa  has  lower  resistivity, 
which  extra polata  to  zero  et  temperature  of  SS  K;  its 
Hell  coefficient  is  smaller  and  it  has  a  different  tempera¬ 
ture  dependence  from  that  of  1:2:3  phase.  The  extra 
copper -oxygen  layers  seem  to  play  an  important  role  in 
the  normal  state. 
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Superconducting  Bi-Ca-Sr-Cu-O  Fibers  Grown  by  the 
Laser-Heated  Pedestal  Growth  Method 


R.  S.  Feigelson,  D  Gazht,*  D.  K.  Fork,  T.  H.  Geballs 

Superconducting  fibers  of  several  compositions  including  the  nominal  composition 
BiiCaSrCuiOt  have  been  grown  by  means  of  the  laser-heated  pedestal  growth  method. 
The  influence  of  starting  composition  and  growth  conditions  on  structure  and 
superconducting  properties  is  disenased.  The  planes  of  the  material  are  parallel  to 
the  fiber  axis  (along  the  growth  direction),  providing  the  ideal  condition  for  conduc¬ 
tion  along  the  copper-oxygen  planes. 


The  lasex- heated  pedestal  geowth 
(LHPG)  method  has  been  shown  to 
be  a  powerful  method  for  rapidly 
growing  small -diameter  single  crystals,  par¬ 
ticularly  oxides,  both  for  measurements  of 
properties  and  for  fabricating  fiber  devices 
{I,  2).  It  is  a  containeriess  technique  that 
does  not  require  a  conventional  furnace  and 
can  be  used  to  grow  crystals  of  very  high 
melting-  temperature  materials  without  wor¬ 
ry  about  reactivity  with  components  in  the 
growth  system.  It  charactensocally  involves 
steep  axial  temperature  gradients  that  permit 
rapid  growth  rates  (typically  millimeters  per 
minute)  and  high  quench  rates  that  have 
made  possible  the  growth  of  crystals  of 
metastable  compounds  such  as  the  high- 
temperature  hexagonal  form  of  BaTiOj  (2). 
The  sharply  focused  laser  beam  permits  the 
formanon  of  narrow  molten  zones  that  al¬ 
low  the  growth  of  single-crystal  fibers  of 
micrometer  diameter. 

Following  the  early  work  by  Burma  and 
Scone  (J),  an  extenarve  program  haa  been 
undertaken  at  Stanford  that  has  produced  a 
large  number  of  different  types  of  single- 
crystal  fibers.  Following  the  discovery  of 
high-tcmpcraturc  superconducting  transi¬ 
tions  in  the  copper  oxide  perovskne  systems 
by  Bednorz  and  Mailer  (4),  it  seemed 
worthwhile  to  attempt  to  grow  single -crys¬ 
tal  fibers  of  the  high  transition  temperature 
(Tc)  materials  for  a  number  of  reasons. 
There  is  evidence  flue  fiber  single  crystals 
can  be  che  most  perfect  crystals  that  are 
grown  by  any  means.  With  the  proper 
choice  of  seed,  fibers  of  different  orienta¬ 
tions  can  be  grown,  a  particularly  valuable 
attribute  if  it  can  be  done  for  the  highly 
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anisotropic  layered  copper  oxide  supercon¬ 
ductors.  Also,  oxide  libers  have  been  grown 
small  enough  in  cross  section  to  be  fiedbie 
and  thus  have  che  possibility  to  serve  as 
model  systems  for  making  the  superconduc¬ 
tors  in  wire  form.  Finally,  the  LHPG  tech¬ 
nique  is  closely  related  to  the  Soar- zone 
method,  which  is  known  to  be  the  best 
technique  for  growing  incongruenfly  melt¬ 
ing  compositions. 

Since  all  the  new  high  Tc  superconduct¬ 
ing  phases  exhibit  complex  incongrocnt 
melting  behavior,  it  was  suggested  (5)  dm 
the  LHPG  technique  should  be  ideally  suit¬ 
ed  to  the  growth  of  these  materials  in  fiber 
form.  One  of  the  major  advantages  of  this 
method  is  dm  an  a  priori  knowledge  of  die 
actual  melt  composition  required  to  produce 
the  appropriate  steady  state  growth  condi¬ 
tions  is  not  needed.  The  melt  automatically 
adjusts  itself  to  exactly  the  right  composition 
needed,  as  demanded  by  the  thermodynamic 
properties  of  the  system. 

Initial  attempts  with  the  (LaSr)rCuOi 
and  YBaiCujOr  compounds  were  not  suc¬ 
cessful  owing  tx>  decomposition  and  loss  of 
CuO.  Even  though  some  superconductivity 
was  obtained,  it  was  evident  dm  in  order  to 
obtain  die  desired  composition  and  singie- 
crystai  structure  it  would  be  necessary  to 
enrich  the  feed  stock  with  CuO.  With  the 
discovery  of  high  7*c  in  the  Bi-Ca-Sr-Cu-O 
system  (d)  and  its  stability  with  res  pea  to 
oxygen  (7),  it  became  worthwhile  to  investi¬ 
gate  the  applicability  of  the  LHPG  method 
to  the  growth  of  these  new  compounds.  In 
this  report  the  preparation,  structure,  and 
some  of  the  superconducting  properties  of 
dense,  oriented,  Large-grair.  potycrystailine 
fibers  grown  from  Bi^CiSriCu^Oj-j  and 
Bit  |Oi  2^ri  )Cu;  :Of.(  starting  materials 
will  be  discussed. 

A  schematic  of  the  LHPG  method  is 
given  in  Fig.  1,  top.  The  top  of  the  source 
rod  of  the  material  to  be  grown  is  incited 


with  a  dghdy  focused  laser  beam  (-50  urn 
wide)  having  a  circular  crosa  section.  A  seed 
crystal  is  then  introduced  into  the  melt  and 
growth  is  accomplished  by  withdrawing  the 
seed  at  a  controlled  rate.  To  maintain  con¬ 
stant  melt  volume  the  source  rod  is  fed  into 
the  laser  beam  at  a  rate  determined  by  the 
fiber  diameter  desired. 

The  source  material  in  diese  experiments 
was  prepared  from  Bi^j,  CaCO,,  SrCO,, 
and  CuO  powders.  The  appropriate 
amounts  were  mixed  together,  finely 
ground,  pressed  into  a  pellet,  and  sintered 
for  15  hours  in  air  at  780*C.  The  pellet  was 
then  ground,  pressed  again,  and  sintered 
under  the  same  conditions.  Rectangular 
rods  1.2  by  1.2  by  20  mm  in  size  were  cut 
out  of  the  potycrystailine  pellet  and  used 
bods  at  the  source  material  and  for  seeds. 

Four  different  starting  compositions  were 
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Fig.  1.  (Top)  Schematic  diagram  of  che  laser* 
heated  pedestal  growth  method.  (Bottom)  Varia¬ 
tion  in  surface  mdt  temperature  ai  a  function  of 
axial  distance  from  the  growth  interface  to  the 
laser  contact  point.  Error  limits  represent  mea¬ 
surement  vananons  over  rive  experiments. 
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TsM*  1.  Details  of  the  different  fiber  growth  runs.  The  temperatures  ire  incc.-recrec1  c  pncai  pyrometer 
values  of  the  melt  temperature  it  the  surface  near  the  growth  internee.  Fiber  3  evtubitr  u  1  significantly 
higher  ra iso vi tv  thin  fibers  grown  in  air  or  oxvgen. 


Fiber 

rype 

Starting 

composition 

Bi-Ca-Sr-Cu 

Growth 

race 

(mm/ ho  or) 

Diameter 

(mm) 

Atmosphere 

Temp¬ 

erature 

ra 

i 

2- 1-2-2 

4.8 

1.0 

Air 

900 

2 

2-1-2-2 

1.5 

l.C 

Air 

900 

3 

2- 1  -2-2 

4.8 

1.0 

Argon 

800 

4 

2- 1-2-2 

4.8 

1.0 

Oxvgen 

910 

5 

18-1.2-1.8-2,2 

4.8 

1.0 

Air 

900 

6 

I.8-1.2-1. 8-2.2 

24.0 

0.25-0.35 

Air 

900 

7 

1.8-1  2-1.8-2.2 

4.8 

0.25-0.35 

Air 

900 

8 

1-1-1-2 

4.8 

1.0 

Air 

900 

9 

2-1-1-3 

4.8 

1.0 

Air 

860 

used  as  listed  in  Table  1.  Two  different  fiber 
diameters  and  lengths  were  grown  from  the 
randomly  oriented  polycrystailine  seeds:  1 
mm  in  diameter,  10  to  12  mm  in  length  and 
0.25  to  0.35  mm  in  diameter  and  30  to  40 
mm  long.  Different  growth  conditions  were 
used  for  the  1  mm  fibers  as  listed  in  Table  1. 
The  long  thin  fibers  were  grown  from  melts 
of  the  first  two  compositions  in  air  by  means 
of  a  two-step  procedure.  In  the  first  step,  0.7 
mm  diameter  fibers  were  grown  with  a 
manually  controlled  pull  rate  that  was  more 
rapid  than  that  used  later.  In  the  second 
step,  two  fibers  were  grown  eo  their  final 
diameter  with  pull  rates  of  24.0  and  4.8 
mm/hour,  respectively.  The  two-step  proce¬ 
dure  was  used  because  the  molten  zone  can 
become  unstable  when  the  ratio  of  the  fiber 


diameter  to  the  source  rod  diameter  is  too 
small  (3).  The  growth  rates  used  for  these 
compounds,  as  expected,  were  lower  than 
those  required  for  congruentiy  melting  com¬ 
pounds.  The  approximate  liquidus  tempera¬ 
tures  near  the  growth  interface  were  mea¬ 
sured  dunng  growth  using  a  fine-filament 
optical  pyrometer.  Measurements  were  tak¬ 
en  once  every  20  to  30  minutes.  A  plot  of 
the  axial  temperature  gradient  is  given  in 
Fig.  1,  bottom.  The  temperature  during 
growth  was  observed  to  remain  constant  to 
within  the  accuracy  of  the  pyrometer  read¬ 
ing.  The  melt  temperature  at  the  growth 
interface  decreased  dramatically  from  900* 
to  800*C  when  an  argon  atmosphere  was 
introduced  into  the  growth  chamber,  indi¬ 
cating  a  strong  influence  of  Oj  partial  pres¬ 
sure  on  melt  composition.  It  changed  rapid¬ 
ly  back  to  900*C  when  air  was  reintroduced 
into  the  system.  The  fiber  grown  in  argon 
had  a  much  higher  resistivity  than  the  other 
fibers.  Growth  in  pure  oxygen  caused  the 
melt  to  boil  On  replacing  the  oxygen  with 
air,  the  boiling  stored  immediately.  All  off 


th-  fibers  were  black,  with  varvuig  degrees 
of  surface  smoothness  except  for  the  fiber 
which  was  grown  in  argon,  which  had  a 
blackish-copper  color. 

The  surface  structure  of  the  1-mm  diame¬ 
ter  fiber  grown  at  4.8  mm/hour  (fiber  1, 
Table  1)  had,  as  shown  in  Fig.  2,  top,  a 
fibrous  appearance  owing  to  numerous  fac¬ 
ets  and  growth  ridges  aligned  parallel  to  che 
growth  direction.  Figure  2,  bottom,  shows  a 
fractured  cross  section  of  this  fiber  that 
dearly  reveals  the  presence  of  plate-like  crys¬ 
tallites  having  a  highly  aligned  morphology. 
All  of  the  plates  were  elongated  along  the 
growth  direction.  The  thinner  fiber  grown 
at  24  mm/hour  (fiber  6,  Table  1)  had  similar 
structure  but  with  fewer  grains.  The  surface 
of  the  more  slowly  grown  (fiber  7,  Table  1) 
fibers  (4.8  mm/hour),  however,  alternated 
between  highly  faceted  regions  like  the  pre¬ 
vious  fibers,  and  smooth  regions.  These 
smooth  fiber  sections  developed  gradually, 
eventually  extending  to  the  entire  circumfer¬ 
ence  as  shown  in  Fig.  3.  These  smooth 
regions  always  ended  abruptly,  which  sug¬ 
gests  that  their  termination  was  the  result  of 
a  dynamical  growth  instability.  Uniform 
scanning  electron  microscopy  (SEM)  back- 
scatter  results  on  the  smooth  surface  of  the 
fiber  indicated  that  the  surface  composition 
was  homogeneous  throughout  large  areas. 
The  cross  section  of  fiber  1  was  composed  of 
oriented  platelets  (grey),  surrounded  by  a 
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Ftg.  5.  ( l*ft!  X-rav  diffraction  data 
for  a  smooth  sccnon  of  fiber  7.  The 
fiber  axis  is  directed  normal  to  the 
plane  of  the  x-rays.  ( Right)  Powder 
x  rav  diffraction  data  for  fiber  1. 
The  predominance  of  the  .--axis 
peaxi  may  be  due  to  a  tendency  tor 
the  crystal  to  cleave  along  the  «-> 
plane,  resulting  in  small  crystals 
that  lie  fiat  with  their  e-axes  direct¬ 
ed  upward.  The  powder  was 
ground  with  a  mortar  and  pestle. 
All  of  the  IOOhI  peaks  correspond 
to  a  c-axis  spacing  of  30.8  A. 
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Fig.  a.  Resistivity  versus 
temperature  for  a  smooth 
section  of  fiber  7. 


white  matrix  phase  (—10%  by  volume).  A 
few-  any  dark  spots  appeared  in  the  tnicro- 
structure  that  might  be  voids  or  inclusions. 
Microprobe  analysis  showed  that  the  grey 
phase  had  approximately  the  2- 1-2-2  com¬ 
position,  whereas  the  white  phase  had  a 
variable  composition  always  higher  in  BL 
The  apparent  absence  of  a  phase  with  a 
circular  morphology  in  the  cross  section  or 
on  the  surface  led  us  id  the  conclusion  that 
the  nonsuperconducring  needle-like  phase 
usually  seen  in  conventionally  melted  sam¬ 
ples  was  not  formed  during  the  fiber  growth 
experiments.  An  SEM  photograph  of  the 
fractured  end  of  a  smooth  section  of  fiber  is 
shown  in  Fig.  4,  top.  The  morphology  hoc 
is  quite  different  horn  that  seen  previously. 
In  these  regions  several  large  crystallites 
cover  the  entire  cross  srrnonal  area  as  can 
dearly  be  seen  in  die  photograph  of  a  pol¬ 
ished  surface  given  in  Fig.  4,  bottom.  A 
second  phase,  in  the  form  of  two  star-shaped 
regions  near  the  fiber  core,  can  also  be  seen. 
They  contain  almost  pure  CaO. 

X-ray  diffraction  measurements  were 
made  on  a  four-arcie  diffractometer  by 
means  of  a  CuK.  source  in  the  Bragg- 
Brentano  geometry.  Five  types  of  x-ray  scans 
were  used  to  verify  chat  the  c-axis  of  the 
crystallites  was  perpendicular  to  the  fiber's 
growth  axis.  The  c-axis  (00»» J  peaks  were 
observed  in  the  smooth  fiber  section  when 


the  plane  containing  the  incident  and  scat¬ 
tered  x-rays  was  normal  to  the  fiber.  Rock¬ 
ing  the  fiber  toward  the  plane  of  the  x-rays 
while  tuned  to  the  [001Q]  peak  indicated 
that  the  c-axis  lies  in  the  cross  section  to 
within  -4  degrees.  Rotating  the  fiber  about 
its  axis  while  tuned  to  the  [OOJJJ]  peak 
revealed  several  sharp  peaks  corresponding 
to  individual  c-axis  grains  in  the  ana  sec¬ 
tion  of  the  fiber.  This  result  agrees  well  with 
the  grain  structure  observed  in  the  SEM 
photographs  of  this  fiber  (Fig.  2).  No  c- 
aru— ooented  grains  were  found  coaxial  with 
the  fiber.  Preliminary  results  indicate  that 
the  axial  orientation  ia  the  [110]  direction. 
The  results  above  were  corroborated  by 
placing  the  fiber  axis  in  the  plane  of  the  x- 
rays  and  rocking  on  the  c-axis  peak*.  The 
same  series  of  x-ray  measurements  was  tried 
on  a  rough  section  of  a  faster  grown  thin 
fiber.  These  data  also  revealed  crystallites 
with  their  c-axis  normal  oo  the  fiber  axis; 
however,  much  weaker  scattering  (l.S  or¬ 
ders  of  magnitude)  was  observed,  suggest¬ 
ing  that  die  crystallites  were  smaller,  and 
pcirhaps  mixed  with  ocher  p>-  jcs.  Measure¬ 
ments  on  the  thicker  fibers  .  »  showed  the 
c-axis  normal  to  the  fiber  -.  Grain  size 
seems  to  be  inversely  related  to  growth  rate 
for  the  growth  conditions  used  in  these 
experiments,  it  is  natural  to  conclude  that 
the  direction  of  slowest  growth  is  che  c- 


direcnon. 

Figure  5,  left,  shows  the  28  scan  or  . 
smooch  section  of  fiber  7  with  the  axial 
direction  normal  to  the  plane  of  che  x-rays. 
The  jOOw)  peaks  are  visible  against  an  almost 
fiat  background.  Figure  5,  right,  shows  a 
powder  diftacnon  pattern  made  from  one 
of  the  thicker  fibers  (fiber  1).  When  correc¬ 
tions  are  made  fix  a  misalignment  in  the 
diffracrionmeter,  both  sets  of  diftacnon  pat¬ 
terns  indicate  a  c-axis  spacing  of  30.8  A,  in 
agreement  with  data  (7)  fix  the  85  K  (2-1- 
2-2)  phase  of  the  Bi-Ca-Sr-Cu-O  materials. 
Powder  diftacnon  was  used  fix  the  duck 
fiber  to  increase  the  signal  strength. 

The  resistivity  of  the  samples  was  mea¬ 
sured  with  the  four-point  probe  technique. 
Contacts  were  made  with  either  silver  paint 
or  silver  epoxy  that  was  later  covered  with 
pressed  indium.  The  contact  resistance  for 
these  contacts  was  measured  to  be  as  high  as 
350  mohfli/cm2.  The  accuracy  of  the  resis¬ 
tivities  that  we  measured  was  limited  by  the 
geometrical  factors  of  cross  section  and  con¬ 
tact  spacing.  To  within  orders  of  unity  we 
could  compare  the  effects  of  growth  and 
annealing  condition*. 

The  results  fix  the  smooth  section  of  fiber 
7  show  a  normal  state  resistivity  which  is 
linear  in  T  and  extrapolates  to  zero  at  0  K 
(Fig.  6).  These  data  were  obtained  from  che 
same  fiber  that  was  photographed  in  cross 
section  in  Fig.  4,  bottom,  and  that  produced 
the  diftacnon  pattern  in  Fig.  5,  left.  The 
two  drops  in  resistivity  at  105  K  and  85  K  as 
originally  observed  by  Maeda  it  al.  <6)  are 
believed  to  correspond  to  two  supercon¬ 
ducting  phases  of  the  Bi-Ca-Sr-Cu-O  sys¬ 
tem.  Also  noted  is  a  very  shallow  resistance 
tail  in  the  transition  between  85  K  and  80 
K,  which  we  believe  is  a  sign  of  percolaoon 
between  crystallites  in  the  smooch  section. 

It  has  been  established  that  in  the  related 
system  TIiCa«_tBa1Cu«0««2m  three  differ¬ 
ent  Tc  phases  with  *  »  1,2,3  exist  and  cor¬ 
respond  to  critical  temperatures  of  80  K. 
105  K.  and  125  K,  respectively  (8).  The  105 
K  drop  in  resistivity  in  Fig.  6  is  thus  suspect¬ 
ed  to  be  che  result  of  a  rmnonev  phase  ot 
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Bi'.CijSriCujOio,  whose  unit  ceil  includes 
an  extra  copper-oxygen  layer.  Tsuchiya  et  ai. 
(9)  have  presented  cross-sectional  transmis¬ 
sion  electron  microscopy  results  of  double, 
triple,  and  quadruple  copper-oxygen  layers 
in  the  Bi-Ca-Sr-Cu-O  systems. 

None  of  the  remaining  samples,  with  one 
exception,  had  either  a  linear  resistance  ex¬ 
trapolating  to  zero  or  a  pair  of  two  super¬ 
conducting  transitions.  To  obtain  supercon¬ 
ducting  transitions  for  the  narrow  diameter 
nonsmooth  fibers,  it  was  necessary  to  anneal 
them  in  air  at  500’C,  in  contrast  to  the  data 
in  Fig.  6,  which  were  obtained  for  an  unan¬ 
nealed  portion  of  the  smooth  fiber.  This 
suggests  that  the  process  that  forms  the  large 
oriented  crystallites  in  the  smooth  fiber  sec¬ 
tions  also  accompanies  the  incorporation  of 
adequate  quantities  of  oxygen.  The  results 
thus  indicate  that  an  oxygen  anneal  lowers 
the  resistivity  and  narrows  the  supercon¬ 
ducting  transition  of  the  thick  fibers,  as  well 
as  the  rough  portions  of  thin  fibers. 

It  is  of  great  interest  to  measure  the 
critical  currents  of  the  fibers  and,  following 
the  work  by  Elkin  et  ai.  (10)  on  YBCO, 
improved  contacts  on  the  fibers  have  been 
made  by  ion  milling  the  surface  and  deposit¬ 
ing  silver  or  gold  contacts  on  the  surface. 
With  a  pressed  indium  overlayer,  these  con- 
acts  had  resistivities  of  30  to  40  iiohm/an2, 
but  the  critical  current  measurements  are 
not  yet  complete. 

We  have  demonstrated  a  capability  for 
growing,  under  controlled  conditions,  su¬ 
perconducting  fibers  by  means  of  the  laser- 
heated  pedestal  growth  technique.  Under 
the  right  conditions,  the  growth  process 
leads  to  several  simultaneously  occunng 
properties  which  make  them  ideal  for  study. 
The  a-b  planes  are  directed  along  the  axis  of 
the  fiber,  which  we  believe  optimizes  con¬ 
duction  in  the  axial  direction.  A  reduced 
number  of  larger  crystallites  takes  over  dur¬ 
ing  the  growth  of  the  smooch  sections, 
which  sho>  M  augment  the  critical  current. 
The  fiber’s  surface  morphology  becomes 
smooth,  facilitating  the  placement  of  electri¬ 
cal  conacts.  The  superconducting  transition 
consists  of  two  distinct  drop*  which  we 
believe  results  from  a  phase  with  higher  7V 

Note  added  m  proof:  Preliminary  measure¬ 
ments  (11)  with  a  pulsed  current  showed  an 
excess  of  60,000  A/cm2  at  68  K. 
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WE  HAVE  USED  24-FOLD  COM- 
mon  depth  point  seismic  reflec¬ 
tion  dan  (i)  to  delineate  the 
boundaries  of  the  predecessors  to  Lakes 
Malawi  and  Tanganyika,  East  Africa  (Figs.  1 
and  2).  Mapping  of  paieos  ho  relines  lying 
many  hundreds  of  meters  below  modem 
lake  levels  is  necessary  for  examining  deposi- 
donal  processes  m  rifts,  the  limnology  and 
ichthyology  of  African  nit  lakes,  and  the 
paleoclimatology  of  East  Africa. 

Lake  Malawi  and  Lake  Tanganyika  occu¬ 
py  the  southern  and  central  pans  of  the 
western  branch  of  the  East  African  rift  sys¬ 
tem  (Fig.  1).  They  are  among  the  world’s 
deepest  lakes,  and  both  lie  in  a  region  of 
savannah  and  subtropical  forest  (2-5). 
Structurally,  both  nfts  are  composed  of  a 
senes  of  linked  half-grabens,  which  tend  to 
have  alternating  directions  of  asymmetry 
along  the  rift  axes  (6).  Modem  dcpoccntcrs 
coincide  with  the  most  subsided  parts  of 
these  half-grabens.  Multifold  seismic  dan 
(Fig.  2,  A  and  C)  indicate  that  4  km  or  more 
of  sediment  have  accumulated  In  the  north¬ 
ern  basins  of  the  Lake  Malawi  nft  (7)  and 
over  6  km  of  sediment  dll  parts  of  the  Lake 
Tanganyika  nft  (8,  9). 

Several  seismic  sequence  boundaries  (10) 
have  been  identified  in  the  sediments  be- 
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neath  the  main  African  rift  lakes  (7,  8,  II, 
12).  These  boundaries  are  major  breaks  in 
the  lacustrine  stratigraphy  and  represent  dc- 
positional  changes  that  were  caused  by  cli¬ 
matic,  tectonic,  and,  in  the  case  of  the 
eastern  rift  (13),  voicanogcmc  processes. 
The  stratigraphic  record  of  abrupt  changes 


1.  The  lakes  of  the  East  African  nit  svstem. 


Low  Lake  Stands  in  Lakes  Malawi  and  Tanganyika, 
East  Africa,  Delineated  with  Multifold  Seismic  Data 


C.  A.  Scholz  AND  B.  R.  Rosendahl 


Seismic  data  reveal  that  water  level  in  Lake  Malawi,  East  Africa,  was  250  to  500  meters 
lower  before  about  25,000  years  ago.  Water  levels  in  Lake  Tanganyika  at  that  time 
were  more  than  600  meters  below  the  current  lake  lcveL  A  drier  climate  appears  to 
have  caused  these  low  stands,  but  tectonic  tilting  may  also  have  been  a  contributing 
factor  in  Lake  Malawi.  High-angle  discordances  associated  with  shallow  sequence 
boundaries  suggest  that  these  low  stands  probably  lasted  many  tens  of  thousands  of 
yean.  Because  of  its  basement  topography,  the  Lake  Tanganyika  basin  had  three 
separate  pako  lakes,  whereas  the  Lake  Malawi  basin  had  only  one.  The  different 
geographies  of  these  paleolakrs  may  be  responsible  in  part  for  the  differences  in  the 
endemic  fish  populations  in  these  lakes. 
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mv  extend  back  tens  of  millions  of  yean  in  The  situation  is  compounded  in  warm,  arid 
Lakes  Tanganyika  and  Malawi  (7,  8).  Lake  regions  where  the  primary  hydrologic  out- 
levels  also  were  highly  variable  in  East  Africa  put  is  by  evaporation.  Rapid  and  often  large 
during  the  late  Pleistocene  (12,  14-16),  as  water  level  variations  in  small,  high-relief 
well  as  during  historical  times  (3, 5, 17).  drainage  basins  generate  dynamic  deposi- 
Lakes,  even  large  ones,  are  typically  sub-  nonal  systems.  Sedimentary  facies  changes 
ject  to  more  rapid  water  level  charges  than  are  common,  both  vertically  and  laterally, 
oceans.  In  rift  lakes,  crustal  extension  adds  a  across  lacustrine  rift  basins  (18). 
tectonic  component  to  lake  level  changes.  Ancient  lacustrine  environments  and  asso- 


Rfl.2.(Ai  Multifold  seismic  coverage  of  Lake  Malawi.  (8)  Bathymetry  of  Lake  Malawi.  (C)  Muirifoki 
seismic  coverage  of  Lake  Tanganyika.  (D)  Bathymetry  of  Lake  Tanganyika  Bold  lines  indies  ocanoru 
of  seismic  lines  in  Fig.  3. 


Flq.  3.  (A!  Seismic  line  816 
from  northwestern  Lake 
Malawi.  Section  from  a  to  b 
shows  tone  of  crosional 
truncation  beneath  the  up¬ 
per  sequence  boundary. 
Note  change  to  a  conform¬ 
able  relation  down  dip  along 
the  upper  sequence  bound¬ 
ary.  Now  the  approximate 
location  of  the  palcoahore- 
line  tor  the  ma)or  low  lake 
stage  discussed  in  tax.  (B) 
Seismic  line  820  from  war¬ 
ren  trai  Lake  Malawi  show¬ 
ing  continuous  “open  lacuw 
mne”  type  acoustic  fades  (b 
to  c)  and  wavy,  senu-dascoo- 
tinuous  “desiccated"  does 
above  shallow  basement  (a 
to  bt.  (Cl  Seismic  line  214 
from  central  Lake  T  anganyi- 
ka.  Note  shallow  crosional 
surface  at  water  depths  of 
over  600  m.  Lina  displayed 
are  24-fold,  stacked  amt 
sections  with  approximately 
2.6  1  vertical  exaggeration 
with  respect  to  the  water 
bottom.  Line  214  is  time- 
migrated. 


dated  paleolake  shorelines  can  be  recog¬ 
nized  in  seismic  reflection  data  by  (i) 
changes  in  acousac  character,  which  are 
diagnostic  of  shallow-  to  deep-water  facies 
transitions,  (ii)  changes  in  reflection  termi¬ 
nation  geometries  along  sequence  bound¬ 
aries,  and  (iii)  diagnostic  external  fades  ge¬ 
ometries  such  as  wave-cut  terraces  and  barri¬ 
er  systems.  For  example,  a  seismic  section 
across  the  northwest  part  of  Lake  Malawi 
(Fig.  3)  shows  that  a  considerable  part  of 
the  lower,  east-dipping  sequence  has  been 
truncated  at  the  upper  (that  is,  shallowest) 
sequence  boundary.  Truncation  is  a  manifes¬ 
tation  of  subaerial  exposure  and  erosion. 

To  the  east  of  “b”  on  Fig.  3A,  the  reflec¬ 
tion  configuration  along  the  upper  sequence 
boundary  changes  to  a  conformable  rela¬ 
tion.  Along  this  part  of  the  seismic  line,  the 
thin,  upper  depositions!  sequence  overlies 
continuous,  narrow  bandwidth  reflections. 
We  interpret  the  lower  reflections  as  an 
acoustic  fades  indicative  of  continuous, 
open  lacustrine  deposits.  We  interpret  the 
transition  area  from  crosional  truncation  to 
conformable  reflections  as  the  shoreline  of  a 
previous  lake  level  still  stand,  which  on  this 
profile  is  400  m  below  the  present  level.  In 
regions  with  steeply  dipping  sequence 
boundaries,  such  as  on  the  shoaling  sides  of 
rift  haif-grabens,  this  transition  is  easily 
identified.  Similar  stratal  relations  have  been 
recognized  at  comparable  depths  elsewhere 
in  the  northern  two-thirds  of  T  ilrr  Malawi, 
as  well  as  in  several  regions  in  Lake  Tangan¬ 
yika. 

In  west-central  Lake  Malawi,  two  distinc¬ 
tive  acoustic  facies  are  evident  beneath  the 
shallowest  seismic  sequence  boundary  (Fig. 
3B).  Toward  the  center  of  the  lake  (from 
“b”  to  “c*  in  Fig.  38)  reflections  are  indica¬ 
tive  of  relatively  open,  deep-water  lacustrine 
sedimentation,  as  previously  discussed.  In 
the  region  from  “a"  to  “b”  the  acousac  facies 
consists  of  mixed  amplitude,  variable  fre¬ 
quency,  wavy,  and  less  continuous  reflec¬ 
tions.  On  this  profile,  this  fade  occurs  at 
levels  that  are  shallower  than  300  m  below 
the  modem  lake  IcveL  We  interpret  it  as 
lacustrine  deposits  that  were  subjected  to 
subaerial  erosion  and  desiccation  during  the 
same  late  Pleistocene  low  stand  of  Lake 
Malawi  discussed  above. 

The  acoustic  facies  and  reflection  termina¬ 
tion  geometries  that  correspond  to  this  low 
stand  have  been  mapped  throughout  Lake 
Malawi  (Fig.  4A).  About  40  m  of  lacustrine 
sediment  typically  blankets  the  sequence 
boundary  that  is  associated  with  the  low 
stand.  The  bas inward  limits  of  crosional 
truncation  are  about  375  to  400  m  below 
the  modem  lake  level  in  the  north-central 
part  of  the  lake  (Fig.  4A).  Open  lacustrine 
deposits  occur  at  depths  of  400  m  in  this 
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Resonance  effects  in  Raman  scattering  in  Y BaiCn^Oi. 

D.  Kirillov,  Varian  Research  Center,  611  Hansen  Way,  Palo  Alto,  CA  94303; 

I.  Bozovic,  K.  Char,  and  A.  Kapitulnik,  Department  of  Applied  Physics,  Stan¬ 
ford  University,  Stanford  CA  94303-4090. 

Abstract. 

Raman  spectra  of  YBa2Cu^07  excited  by  different  lines  of  Ar  and  Kr  lasers 
have  been  studied.  It  was  found  that  significant  changes  in  relative  intensity  and 
lineshape  of  phonon  lines  occured  in  the  spectra  when  the  excitation  frequency  was 
shifted  from  the  red  into  blue  region  of  the  spectrum.  The  enhancement  of  high 
frequency  phonons,  which  involves  stretching  of  Cu-0  bonds,  and  transformation  of 
their  asymmetric  Fano  type  lineshape  caused  by  interference  with  electronic  scat¬ 
tering  into  a  symmetric  lineshape  was  attributed  to  resonance  with  an  interband 
transition  in  YBa^Cn^OT. 

There  is  strong  absorption  of  light  throughout  the  optical  spectrum  in  the  high 
temperature  superconductor  Y  Ba.2Cu$Oj  [1,2].  Because  the  lasers  used  for  Raman 
measurements  in  this  material  have  radiation  frequencies  in  the  range  of  strong  ab¬ 
sorption,  anomalies  in  the  scattering  due  to  resonance  conditions  can  be  expected 
[2].  Among  these  anomalies  are  breakdown  of  selection  rules,  dominant  appear¬ 
ance  of  selected  lines  and  overtone  scattering.  A  clear  illustration  of  the  selection 
rules  breakdown  due  to  resonance  conditions  and,  probably,  due  to  distortions  in 
the  structure  caused  by  disorder  in  oxygen  distribution  is  the  domination  of  the 


infrared  active  lines  forbidden  by  electric  dipole  type  selection  rules  in  the  Raman 
spectrum  of  CU2O  (4,5j.  That  spectrum  also  involves  vibrations  of  copper  and  oxy¬ 
gen  atoms,  and  phonon  frequencies  are  in  the  same  range  as  those  of  Y BaiCu^O^. 
It  is  important  to  understand  how  resonance  effects  appear  in  Raman  spectra  of 
Y  Ba^Cu^O^. 

In  the  present  work  we  studied  Raman  spectra  of  YBa^Cu^O^  films  as  a  func¬ 
tion  of  laser  radiation  frequency.  We  used  for  excitation  of  the  spectra  the  following 
lines  of  Ar  and  Kr  ion  lasers:  647.1,  514.5,  496.5,  488.0,  476.5  and  457.9  nm.  The 
spectra  were  taken  at  room  temperature  with  a  sample  in  a  He  gas  environment.  to 
exclude  the  lines  in  the  low  energy  part  of  the  spectrum  due  to  scattering  in  the 
air.  We  used  backscattering  configuration,  and  the  scattered  light  was  analyzed  by 
a  scanning  triple  Spex  spectrometer.  The  thin  film  samples  of  Y BdiCusOi  studied 
in  the  present  work  were  grown  epitaxially  on  SrTiO$  substrates  by  a  magnetron 
sputtering  method  [6].  The  frequency  dependence  of  the  absorption  coefficient  of 
Y Ba2Cu$Oj  determined  from  transmittance  and  reflection  measurements  [1,2]  is 
presented  in  Fig.l  for  the  range  covered  by  available  laser  lines.  In  this  case  the  film 
is  oriented  along  the  a  axis  and  the  absorption  is  due  to  both  polarization,  E  ||  c 
and  E  ||  b.  There  is  anisotropy  in  optical  absorption  of  Y Ba^Cu^Oj  [1,2].  Because 
our  samples  consisted  of  mosaic  of  alternately  oriented  grains,  we  were  not  able 
to  study  the  anisotropy  in  resonance  Raman  scattering,  though  we  could  conclude 
that  resonance  effects  are  present  for  all  polarizations.  As  can  be  seen  from  Fig. 
1,  the  laser  frequencies  span  the  range  of  the  absorption  edge  type  structure  in  the 
absorption  spectrum.  Examples  of  the  Raman  spectra  are  shown  in  Figs.  2-4.  The 
spectra  of  the  film  A  grown  along  a  axis,  with  b  and  c  axes  oriented  alternately 
along  the  a  and  b  axes  of  the  SrTiO 3  substrate,  excited  by  647.1  and  and  514.5 
nm  laser  lines  are  compared  in  Fig.  2.  The  spectra  contain  phonon  lines  and  an 
electronic  scattering  continuum  which  are  observed  in  xx,  yy  and  zz  polarizations 
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and  formally  correspond  to  Ag  irreducible  representation.  As  can  be  seen  from  the 
comparison  of  the  spectra,  the  intensity  of  the  higher  energy  phonon  line  at  499 
cm-1  grows  noticeably  in  relation  to  the  148  cm-1  line  when  excitation  light  fre¬ 
quency  moves  in  the  direction  of  stronger  absorption.  This  intensity  increase  shows 
that  the  line  is  resonantly  enhanced.  There  are  also  changes  in  lineshapes  of  the 
lines.  Breit-Wigner-Fano  type  interference  between  phonons  lines  and  electronic 
continuum  identified  earlier  for  the  112  and  335  cm-1  lines  [7]  is  stronger  for  the 
spectrum  excited  by  647.1  nm  line,  and  the  asymmetrical  lineshape  for  499  cm-1 
line  in  this  spectrum  clearly  indicates  that  499  cm-1  phonons  also  interfere  with 
electronic  continuum.  Absence,  or  weakness  of  interference  effects  in  514.5  nm  and 
other  short  wavelength  spectra  is  caused  by  a  frequency  dependence  of  the  coupling 
constant  describing  the  Fano  lineshape.  Similar  effects  of  frequency  dependance  of 
the  coupling  constant  for  Fano  interference  between  phonons  and  electronic  contin¬ 
uum  was  observed  earlier  in  strongly  doped  p-type  Si  [8l. 

One  more  property  of  the  spectra  presented  in  Fig.  2,  which  must  be  considered, 
is  that  there  are  more  Ag  type  modes  in  the  spectra  than  required  by  group  theory. 
Group  theory  predicts  5  Ag  modes,  while  there  are  6  Ag  modes  in  the  spectra: 
112,  148,  335,  442,  499  and  574  cm~1.  The  line  at  574  cm-1,  which  was  not 
considered  as  a  basic  mode  in  discussion  of  Ag  type  phonons  [7,9],  is  always  present 
in  YBa^Cu^Oj  spectra.  Also  unusual  is  the  fact  that  only  Ag  modes  are  seen  in 
the  spectra.  Evidently,  this  problem  requires  further  study. 

The  spectra  of  another  thin  film  sample  B  also  predominantly  oriented  along 
a-axis  are  shown  in  Fig.  3.  This  sample  consists  of  a  mosaic  of  microcrystals  grown 
alternately  along  c  and  a  axes,  while  a,  b  and  c  axes  in  the  plane  are  oriented 
along  a  and  b  axes  of  the  substrate.  The  spectra  of  this  sample  have  additional 
lines  at  220,  433,  580  and  640  cm-1.  As  follows  from  the  polarized  spectra,  the 
symmetry  types  of  220,  433  and  580  cm  *  are  not  consistent  with  Z?2A  symmetry 
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group  of  Y BaiCu^Oj  because  they  appear  both  in  parallel  and  crossed  polarization 
configurations,  while  the  640  cm-1  line  behaves  similar  to  Ag  modes.  Apparently, 
433  and  580  cm-1lines,  though  close  in  frequency  to  444  and  574  cm-1  lines  of 
the  A  sample,  correspond  to  different  phonons.  These  additional  lines  are  often 
observed  in  Raman  spectra  of  Y  Ba2Cu^Of  and  sometime  attributed  to  the  presence 
of  BaC u02  phase  in  the  sample  due  to  the  fact  that  similar  lines  are  present  in  the 
spectra  of  BaCuOi  [10]  .  Our  measurements  on  many  samples  with  different  small 
content  of  BaCuO 2  determined  by  X-ray  diffraction  showed  that  these  lines  have 
no  correlation  with  presence  of  BaCuOi  impurity  phase.  They  are  most  probably 
caused  by  distortion  of  the  symmetry  of  Y Ba^Cu^O-j  due  to  variation  in  the  oxygen 
occupancy  in  COg  octaehdra  which  distorts  the  symmetry  and  makes  allowed  in  the 
spectra  additional  lines,  most  noticeably  those  involving  Cu-O  stretching  vibrations 
along  the  Cu(l)-0(l)  chains  (640  cm-1).  The  structure  of  BaCu02  contains  quite 
similar  COg  octaehdra,  which  explains  similarity  of  the  spectral  features.  As  can  be 
seen  from  Fig.  3,  noticeable  enhancement  of  high  frequency  phonon  lines  in  relation 
to  low  frequency  lines  is  also  observed  in  the  B  sample  for  higher  energy  excitation. 
Breit-Wigner-Fano  type  interference  between  phonons  and  electronic  continuum 
again  appears  for  line  499  cm-1  in  addition  to  well  pronounced  interferences  for 
112  and  335  cm-1  lines,  see  Fig.  3(c). 

Additional  feature  of  resonance  scattering  is  the  appearance  of  the  overtone 
scattering.  As  can  be  seen  from  Fig. 4,  which  shows  the  spectrum  excited  by  a  4880 
A  line  in  conditions  of  strong  resonance,  the  second  overtones  of  499  and  640  cm-1 
lines  are  observed  at  1000  and  1280  cm-1,  correspondingly,  and  even  a  trace  of  the 
third  overtone  of  the  640  cm-1  line  is  noticeable  at  1920  cm-1. 

The  data  on  resonance  Raman  scattering  in  FB02CU3O7  are  summarized  in 
Fig.  1.  Peak  intensities,  measured  from  the  level  of  the  electronic  continuum,  of 
the  resonantly  enhanced  lines  at  499  cm-1  (A  sample)  and  640  cm-1  (B  sample) 


in  relation  to  the  line  at  148  cm-1,  which  is  not  enhanced,  are  shown  in  this  figure 
together  with  the  absorption  spectrum.  The  lines  at  442  and  574  cm-1  of  the  A 
sample  and  433  and  580  cm-1  of  the  B  sample  were  also  enhanced,  but  not  so 
strongly.  As  can  be  seen  from  Fig.l,  the  functional  form  of  the  frequency  depen¬ 
dence  of  relative  scattering  intensity  is  similar  to  that  of  the  absorption  coefficient. 
This  can  be  expected  because  both  dependences  reflect  the  number  of  oscillators 
participating  in  the  resonance  absorption  and  scattering.  Due  to  the  fact  that 
mostly  high  frequency  phonon  lines  which  involve  stretching  of  Cu-0  bonds  are 
enhanced  at  resonance,  the  resonant  electronic  transitions  in  the  studied  spectral 
range  most  likely  correspond  to  interband  transitions  between  the  occupied  states 
close  to  the  Fermi  level,  and  an  unoccuppied  band  at  2-3  eV  above  Ef  formed  by 
oxygen  and  copper  states. 

In  conclusion,  resonance  effects  in  the  Raman  scattering  in  YBc^CuZOj  have 
been  observed.  These  effects  included  change  of  lineshape  and  increase  of  intensity 
of  high  frequency  phonon  modes,  dominance  of  scattering  without  change  of  the 
polarization  of  light,  and  appearance  of  overtone  scattering.  Variations  in  resonance 
scattering  were  pronounced  in  the  spectral  region  having  an  absorption  edge  like 
feature  at  2-3  eV  in  the  absorption  spectrum. 


Figure  captions. 
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Fig.  1.  Absorption  spectrum  of  Y Ba2Cu^Of  ( E  ||  c,  E  ||  6)  in  the  range  of  laser 
frequencies  used  for  excitation  of  Raman  spectra.  Peak  intensities  of  the  499  cm-1 
Raman  line,  sample  A,  and  640  cm-1  line,  sample  B,  in  relation  to  the  intensity 
of  148  cm-1  line  at  different  excitation  wavelengths  are  shown  in  the  same  figure. 
Lines  drawn  through  experimental  points  are  guide  lines  only. 

Fig.  2.  Raman  spectra  of  the  A  film.  The  spectra  appear  only  in  yy  and  zz 
polarizations. 

(a)  The  spectrum  excited  by  a  514.5  nm  laser  line. 

(b)  The  spectrum  excited  by  a  647.1  nm  line. 

Fig.  3.  Raman  spectra  of  the  B  film. 

(a)  The  spectrum  excited  by  a  514.5  nm  laser  line. 

(b)  The  spectrum  excited  by  a  647.1  nm  line. 

(c)  The  spectrum  excited  by  a  647.1  nm  line  in  the  aged  part  of  the  sample  with 
reduced  intensity  of  the  640  cm-1  phonon  line.  The  spectrum  show  clearly  the 
interference  of  three  phonon  lines  at  112,  335  and  499  cm-1  with  an  electronic 
continuum  component. 

Fig.  4.  Higher  order  Raman  scattering,  film  B,  488.0  nm  excitation.  Overtones  at 
1000,  1280  and  1920  cm-1  are  indicated. 
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The  optical  anisotropy  of  YBazCujOx-i  in  the  0.08-5.6  eV  region  is  investigated  by  polarized 
reflectance  measurements  on  single  crystals,  and  by  transmittance,  reflectance,  and  ellipsometric 
measurements  on  oriented  thin  films.  In  the  visible-near-uv  spectral  region  the  anisotropy  is  rela¬ 
tively  mild,  but  a  huge  anisotropy  is  observed  in  the  infrared.  Here,  the  reflectance  increases  with 
decreasing  frequency  for  both  polarizations,  consistent  with  metallic  conductance  both  parallel 
and  perpendicular  to  the  ab  plane.  The  c-axis  plasma  frequency  is  strikingly  low,  but  there  is 
strong  damping  which  could  originate  from  a  continuum  of  low-energy  interband  transitions. 
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YBatCusO?-^  (Y-Ba-Cu-O)  and  related  high-7*c  cu¬ 
prates  are  currently  the  subject  of  intensive  research 
worldwide. 1,2  One  of  the  major  issues  is  the  effective 
dimensionality  of  these  materials,  which  can  be  addressed 
in  principle  from  the  anisotropy  of  their  electronic  proper¬ 
ties.  With  this  objective,  the  conductance  anisotropy  of 
Y-Ba-Cu-0  single  crystals  has  been  studied  by  several 
groups, ■i  J  who  reported  values  of  pjp\  between  30  and 
200.  However,  extrinsic  effects  such  as  planar  stacking 
faults,  microcracks,  inhomogeneous  oxygen  concentration, 
etc.,  may  be  a  serious  problem  in  single  crystals  and  could 
well  affect  the  dc  results.  In  principle,  high-frequency  ac 
conductance  and  optical  measurements  are  less  subject  to 
ambiguities  of  these  sorts,  because  charge  displacements 
are  rather  small  in  such  experiments.  However,  no  con¬ 
clusive  results  have  been  reported  yet.  Some  indirect  in¬ 
formation  has  been  inferred  from  apparent  discrepancies 
between  single-crystal5'6  and  bulk-ceramic7  reflectance 
data,  which  have  been  resolved,611  based  on  analogy  with 
LaiNiOj,  by  postulating  Y-Ba-Cu-0  (as  well  as 
La:-,SrtCu0.t)  to  be  highly  anisotropic — in  fact,  metal¬ 
lic  in  the  ab  plane  and  insulating  in  the  c-axis  direction. 

Here,  we  present  optical  data  which  show  that,  al¬ 
though  Y-Ba-Cu-0  is  indeed  highly  anisotropic  in  the  in¬ 
frared  region,  the  c-axis  polarized  reflectance  is  not 
characteristic  of  insulating  material  but  rather  shows  a 
metalliclike  rise  with  decreasing  photon  energy. 

Single  crystals  of  Y-Ba-Cu-0  were  grown  at  Princeton 
University  by  the  flux  method  in  an  oxygen  flow.  Tne 
average  size  of  the  crystals  was  05*0.5x0.1  mm3  and 
they  had  shmv  faces  of  high  optical  quality  and  sharply 
denned  edges.  Typical  Tc's  were  between  91  and  93  K. 
with  0.5-K  wide  transitions.  To  measure  the  resistivity  by 
the  Montgomery  technique.  25-um  Au  wires  were 
indium-soldered  onto  the  largest  crystal  faces  near  the 
corners. 

Thin  Y-Ba-Cu-0  films  were  deposited  on  SrTiCH  sub¬ 
strates  by  reactive  magnetron  sputtering1  3  Jt  Stanford 


University.  Thicknesses  ranged  from  500  A  to  1  pm.  The 
quality  of  the  films  can  be  judged  from  their  low  normal- 
state  resistivities,  sharp  (1-2  K  wide)  superconducting 
transitions,  and  high  critical  current  densities  of  up  to 
1.2*  107  A/cm2  at  4.2  K.  X-ray  diffractograms  of  these 
films  showee  a  high  degree  of  epitaxial  orientation.  Some 
of  the  films  were  grown  with  the  c  axis  and  others  with  the 
a  axis  (predominantly)  perpendicular  to  the  (001)  face  of 
the  substrate. 

Mid-ir  reflectance  spectra  of  the  single  crystals  were 
obtained  with  a  Digilab  FTS-40  Fourier-transform  in¬ 
frared  spectroscopy  (FTIR)  spectrometer  coupled  to  a 
Spcctratech  ir-PLAN  microscope  that  provided  spatial 
resolution  of  50  pm.  This  allowed  us  to  record  polarized 
ir  reflectance  spectra  not  only  from  the  large  platelet  faces 
which  are  parallel  to  the  ab  plane,  but  also  from  the  plate¬ 
let  sides  which  are  perpendicular  to  the  ab  plane.  We 
changed  the  polarization  by  rotating  the  Zn-Se  polarizer 
or  by  rotating  the  sample:  the  results  were  consistent  in 
both  cases  as  can  be  seen  from  spectra  D  and  E  in  Fig.  1. 

As  no  instrumentation  available  to  us  could  achieve 
sufficient  spatial  resolution  to  measure  the  optical  spectra 
of  the  platelet  sides  at  higher  photon  energies,  we  supple¬ 
mented  these  results  with  near-ir.  visible,  and  near-uv 
data  obtained  from  transmittance,  reflectance,  and  ellip¬ 
sometric  measurements  on  oriented  thin  films.  In  addition 
to  the  FTIR  spectrometer,  we  used  a  near- 
ir-vjsible-near-uv  Perkin-Elmer  Lambda-9  double¬ 
monochromator  doubie-beam  spectrophotometer  and  a 
near-ir- visible  -near-uv  spectroellipsomcter. 1 1 

For  a  normal-incidence  measurement  on  a  film  with  a 
typical  grain  orientation  of  —  80%,  one  has  E-Lc  in 
—  60^  of  the  grains  in  j-axis-oriented  films,  as  compared 
to  —90%  in  c-axis-onented  ones,  for  either  polarized  or 
unnolarizeu  light.  Although  eilipsometry  is  a  non¬ 
normal- incidence  technique,  the  pseudodielectric  response 
f  (that  calculated  from  the  ellipsometric  data  in  :he 
two-phase  model  without  regard  to  anisotropy  or  surface 
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FIG.  1.  Polarized  infrared  reflectance  of  Y-Ba-Cu-O,  at  nor¬ 
mal  incidence,  from  A.  single  crystal,  ab  face;  B,  D,  E,  single 
crystal,  side  perpendicular  to  ab  face;  C,  c-axis-oriented  film 
(pristine  surface).  The  R±(ta)  spectra  were  obtained  by  rotat¬ 
ing  for  90°  the  polarizer  (D)  or  the  crystal  (E).  The  reflectance 
of  films  can  be  raised  to  that  of  A  when  the  surface  was  cleaned 
by  ion  milling  the  top  500-1000  A. 

effects)  can  give  a  fairly  accurate  measure,  under  certain 
conditions  and  for  properly  aligned  samples,  of  the  indivi¬ 
dual  principal  components  of  the  dielectric  tensor  of  a  uni¬ 
axial  medium. 12  Using  the  orientation  statistics  of  these 
films,  we  dstimate  that  Fig.  2(a)  (in  the  whole  energy 
range)  and  Fig.  2(b)  (above  2.5  eV)  yield  |  fu  |  and  |  ex  | , 
respectively,  to  within  20%. 

Since  many  physical  parameters  of  Y-Ba-Cu-0  depend 
very  sensitively  on  preparation,  impurities,  defects,  etc. 
(which  accounts  for  many  conflicting  reports),  at  this 
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stage  we  prefer  to  use  large  sample  sets.  Hence,  we 
recorded  altogether  about  50  reflectance  spectra  from 
various  faces  of  four  single  crystals,  ellipsometric  spectra 
from  about  two  dozen  thin  films,  and  transmittance  and 
reflectance  spectra  from  a  few  hundred  films. 

Typical  normal,  incidence  ir  reflectance  spectra  from  a 
"side"— i.e.,  a  face  perpendicular  to  the  ab  plane— of  a 
Y-Ba-Cu-0  single  crystal  are  shown  in  Fig.  1  for  light  po¬ 
larized  parallel  and  perpendicular  to  the  CuO:  layers.  A 
large  anisotropy  is  apparent.  The  actual  anisotropy  may 
be  even  larger  because  of  possible  artifacts  due  to  surface 
imperfections,  sample  misalignment,  incomplete  light  po¬ 
larization,  etc.  However,  the  high  metallic  f?,(cu)  shown 
in  curve  B  does  not  differ  by  more  than  a  few  percent  from 
the  reflectance  spectra  of  the  large  platelet  faces  which 
are  parallel  to  the  ab  plane  (curve  A)  or  from  those  of  our 
other  single  crystals  and  our  best  c-axis  oriented  films 
(curve  C). 

The  real  and  the  imaginary  parts  of  the  pseudodielec¬ 
tric  function  (f(tu)>  ■■  f] (<*>)  +  : f:(&j),  determined  from  el¬ 
lipsometric  measurements,  are  shown  in  Figs.  2(a)  and 
2(b)  for  a  c-axis-  and  an  a-axis-oriented  thin  Y-Ba-Cu-0 
film,  respectively.  (Note  that  these  films  are  not  as  dense 
as  Y-Ba-Cu-0  single  crystals,  which  indeed  show13  some¬ 
what  larger  f\  and  e\ )  The  overall  similarity  of  the  two 
sets  of  spectra  is  clearly  apparent,  with  the  major 
differences  being  in  the  occurrence  and  position  of  spec¬ 
tral  features  above  3  eV  and  in  the  appearance  of  a  free- 
electronlike  component  in  the  c-axis  data  below  about  2.5 
eV.  This  low-energy  feature  is  also  seen  in  data  taken  on 
the  ab  faces  of  single  crystals. 

To  cast  these  data  in  the  form  more  directly  suitable  for 
comparison  to  the  reflectance  data  of  Fig.  1.  we  have  used 
them  to  calculate  the  corresponding  reflectance  spectra 
and  have  also  plotted  the  results  in  Fig.  3.  The  measured 
reflectance  of  a  c-axis-orionted  film  (the  dashed  curve) 
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and  h:  transmitances  of  both  c-axis-  and  a-axis-oriented 
films  (the  inset)  are  shown  in  Fig.  3.  Consistency  among 
the  three  experimental  techniques  utilized  is  apparent 
and,  in  fact,  is  further  improved  when  the  differences  in 
the  degree  of  orientation  are  taken  into  account.  The  an¬ 
isotropy  is  seen  to  be  very  large  in  the  ir  region  and  to  de¬ 
crease  with  increasing  photon  energy,  diminishing  to  rela¬ 
tively  small  values  in  the  visible  and  near-uv  regions. 
These  spectra,  and  hence  the  anisotropy,  do  not  change 
much14  with  temperature  down  to  77  K,  i.e.,  well  below 
the  superconducting  transition,  in  the  0.15  <  hca  <  3-eV 
spectral  range. 

Let  us  turn  now  to  the  question  of  effective  dimen¬ 
sionality.  Of  principal  interest  here  are  the  low-frequency 
single-crystal  polarized-reflectance  data  of  Fig.  1.  Notice 
first  that  Rl((o)  actually  also  shows  a  metalliclike  upturn 
at  frequencies  below  —0.4  eV  or  so;  this  is  even  more  ap¬ 
parent  in  Fig.  3.  It  does  not  appear  insulatinglike  in  any 
event,  in  contrast  to  tetrathiafulvalene  tetracyanoquino- 
dimethane  (TTF-TCNQ),  hocamethyltetravelenaful- 
valene  tetracyanoquinodimethane  (HMTSF-TCNQ),  or 
K:Pt(CN).»Bro  j-3H20  and  similar  low-dimensional  ma¬ 
terials  where  Rx(<d)  remains  low  and  nearly  constant 
down  to  the  phonon-frequency  region.  Hence  Y-Ba-Cu- 
O,  although  certainly  strongly  anisotropic,  does  not  look 
like  a  quasi-two-dimensional  metal  on  the  basis  of  its  opti¬ 
cal  properties.  Furthermore,  some  consistency  among 
different  experimental  data  can  be  achieved  within  the 
present  description. 

We  use  the  least-squares  fit  to  the  simple  Drude  model, 
e (a)  ■*#(<») --<u^/<u(<u  +  iT),  and  get  Acu/=®0;7  eV, 
0.9  eV,  ,?i(oo)sB4  eV.  From  these  parameters 
and  utilizing  the  relation  p-AitV/a)},  one  gets  =  10 
mriem.  Since  pi  ■■250-400  pflem,  this  amounts  to 
Pj./pi  “25-40,  in  reasonable  agreement  with  dc  conduc¬ 
tance  experiments. 15  Notice,  however,  that  the  above 
values  of  as?  and  rx  are  quite  uncommon  to  ordinary 
metals:  The  plasma  frequency  is  more  than  order-of- 
magnitude  too  low  while  the  damping  is  anomalously 
strong.  Another  important  parameter  is  the  optical 
effective  mass,  m*.  From  a)pmm4tine1 2/m*  and  assuming 
the  carrier  density  /i»6xl021  cm-3  (which  has  been 
suggested  from  the  Hall  effect  measurements310)  one  gets 
ml  »  1 5 mf,  which  certainly  is  uncommon. 

As  for  the  low-frequency  “heavy-axis"  plasmons 
—  which  play  the  central  role  in  some  theoretical  models 
of  high-7^  superconductivity — it  seems  that  in  Y-Ba-Cu- 
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O  they  are  too  strongly  damped  to  be  well-defined  excita¬ 
tions  of  the  system.  In  fact,  we  expect  two  or  more  bands 
to  cross  the  Fermi  level14  in  Y-Ba-Cu-O.  In  that  case, 
there  should  be  a  continuum  of  optically  allowed  (i.e., 
“vertical")  low-energy  interband  transitions.  That  could 
well  be  related  to  the  observed  “strong  damping  of  free 
carriers."  A  continuum  of  electronic  transitions,  feature¬ 
less  and  nearly  flat  (at  room  temperature)  should  show  up 
also  in  Raman  scattering,  and  indeed  it  was  observed14  in 
dozens  of  good  superconducting  Y-Ba-Cu-0  thin  films 
(from  the  lowest  Raman  shifts  detectable  all  the  way  up 
to  I  eV),  as  well  as  in  single  crystals. 17  It  would  be  in¬ 
teresting  to  see  what  is  happening  in  other  high- To  super¬ 
conductors  not  isostructural  with  Y-Ba-Cu-O,  i.e.,  the  cu¬ 
prates  containing  La,  Bi,  and  Tl. 

finally,  our  Rx(a>)  does  come  with  an  error  bar,  as 
pointed  out  above;  also,  it  would  be  desirable  to  extend  the 
single-crystal  reflectance  anisotropy  data  further  into  far 
infrared.  From  the  present  reflectance  data,  we  cannot 
rule  out  the  existence  of  a  very  small  gap,  of  —50  meV  or 
so,  for  the  conduction  in  the  c-axis  direction.  If  that  were 
the  case,  one  would  expect  /?j.(o>)  to  show  a  strong  tem¬ 
perature  dependence. 14 

In  conclusion,  we  have  presented  optical  data  (polarized 
reflectance  spectra  from  different  faces  of  single  crystals, 
and  transmittance,  reflectance,  and  ellipsometric  spectra 
of  oriented  thin  films),  which  show  that  Y-Ba-Cu-O  is  not 
very  anisotropic  in  the  visible/near-uv  region,  but  that  it  is 
rather  anisotropic  in  the  midinfrared  and  below.  Howev¬ 
er,  the  reflectance  with  light  polarization  perpendicular  to 
the  CuOj  layers  rises  at  low  frequencies,  as  expected  from 
metallic  rather  than  insulating  behavior.  In  the  range  of 
frequencies  investigated  here,  no  evidence  is  found  for  the 
qualitatively  distinct  in-plane  and  out-of-plane  transport 
mechanisms.  The  data  are  consistent  with  existence  of  a 
continuum  of  low-energy  interband  transitions.  Given  the 
important  theoretical  implications  of  this  issue,  extension 
of  the  spectroscopical  measurements  to  the  lower  frequen¬ 
cies  and  to  other  related  cuprate  materials  is  important 
and  is  underway. 
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